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CHAPTERl 
SUMMARY 
C HAPT E R !: S�y 
oil-borne fungal plant pathogens cause some of the most widespread and senous plant 
diseases. Root diseases caused by these pathogens such as wilt root rot, collar rot, foot rot, 
seedling pre- and post-emergence damping-off are the foremost of problems which are gaining 
importance from day to day in the world and for which no direct control measures have been 
evolved so far. Fusarium spp. is a widespread soil-borne plant pathogen and is the causal 
agents of wilt disease of many economically important crops. Fusarium spp. is a limiting 
factor in the plant productivity in most agricultural soils. Wilt disease of tomato is a common 
problem in almost all field and greenhouse tomatoes. The disease is caused by different species 
of Fusarium and in the United Arab Emirates, Fusarium oxysporum f.sp .  lycopersici is the 
common causal agent of the disease. The disease is an economic threats to commercial 
gro\�'ers especially those who grow tomatoes under greenhouse humid conditions. At present a 
combination of cultural practices and fungicide applications are used to control the diseases. 
The aim of the present thesis was to search for a modem dual plant protection and plant 
growth-promoting strategies by the application of beneficial rhizosphere-competent 
actinomycetes isolated from the UAE soils. In addition, improving the performance of the 
selected bio-control and plant-growth promoting actinomycetes isolates through the application 
of seaweed extract as a soil organic amendment was the target of the present thesis. 
To achieve this, eighty seven actinomycetes (65 streptomycete and 22 non-streptomycete 
actinomycetes) were isolated from tomato rhizosphere soil collected from a farm in AI Ain, 
United Arab Emirates (UAE). All isolates were screened preliminary for their ability to 
produce cell-wall degrading enzymes (chitinase) using colloidal chitin agar. Of the 87 
actinomycete isolates, only 31 isolates (25 streptomycete and 6 non-streptomycete 
actinomycetes) produced large c lear zones (> 40 mm) on colloidal chitin agar. The remainder 
did not produce or produced small clear zones « 40 mm) and were not included in subsequent 
studies. 
Of  the 31 highly active chitinase-producing 31 isolates which produced high levels of 
chitinase, the most inhibitory 19 isolates ( 1 5  streptomycete and 4 non-streptomycete 
actinomycetes) were examined in vitro for their ability to suppress the growth of F. oxysporum 
f.sp. lycopersici, a soil-borne fungal plant pathogen causing wilt disease of tomato 
(Lycopersicon esculentum Mill . )  in the UAE. These 19 isolates gave a strong inhibition of F. 
oxysporum f.sp. lycopersici on colloidal chitin agar. 
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On highly selective Hussein's fish-meal extract agar medium used for the detection of 
antifungal metabolites, only 15 isolates (13 streptomycete and 2 non-streptomycete 
actinomycetes) out of the 19 tested isolates produced diffusible inhibitory compounds active 
against F. oxysporum fsp. lycopersici and were chosen for further in vitro and in vivo studies. 
The growth of the pathogen was retarded by the diffused metabolites which were produced by 
the antagonistic actinomycetes. 
These 15 promising isolates which produced chitinase and antifungal metabolites active 
against F o:tysporum fsp. lycopersici were screened also for their competence as root 
colonizers and for their abilities to colonize the roots and the rhizosphere of tomato in vitro and 
in planta. Eight isolates out of the 15 antagonistic isolates completely failed to colonize tomato 
roots in the root colonization plate assay in vitro 8 days after radicle emergence and 
subsequently were not included in further studies. The remaining seven isolates were further 
tested in soil (rhizosphere competence assay) to test their abilities to colonize roots in planta. 
Root-colonization abilities of the seven isolates tested showed that roots, and soil particles 
attached to roots of 21-day-old tomato seedlings were colonized to different degrees by these 
isolates. Population densities also showed that the isolates were found in the rhizosphere at all 
depths of the roots but popUlation densities were significantly (P<O.05) greater in the first 6 cm 
of the root system compared to other root depths. 
Only four isolates (Streptomyces isolates # 8, 11, 42, and 59) which completely colonized 
the roots up to 14 cm depth in the rhizosphere competence assay were chosen for all further 
experiments described below. Colonization frequency of the root segments and the rhizosphere 
soil was greater in plants treated with Streptomyces isolate # 42 and Streptomyces isolate # 59 
followed by Streptomyces isolate # 11 and then Streptomyces isolate # 8. ScalUung electron 
microscopy studies of 8-days-old tomato roots colonized with the four Streptomyces isolates 
showed the presence of extensive mycelia and chains of spores around root and root hairs. 
The four most inhibitory Streptomyces isolates (Streptomyces roseodiastaticus isolate # 8), 
(Streptomyces erumpens isolate # 11), (Streptomyces aurantiacus isolate # 42), and 
(Streptomyces rameus isolate # 59) produced high levels of chitinase and B-l,3-glucanase in 
vitro. When the pathogen was presented as the sole carbon source, all four isolates caused 
extensive plasmolysis, and cell wall lysis of F oxysporum fsp. lycopersici hyphae. 
The crude culture filtrate of the four antagonistic isolates exhibited antifungal activity and 
significantly reduced (P<O.05) spore germination and germ-tube growth of the pathogen. The 
same crude enzyme preparations of the four antagonistic isolates also significantly inhibited 
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(P<O.05) the growth of F. oxysporum f.sp. lycopersici when incorporated into Potato Dextrose 
agar (PD ). 
The most promising four isolates were further examined for their abilities to produce 
volatile antibiotics siderophores, indole-3-acetic acid, polyamines, and to solubilize insoluble 
rock phosphate. In addition to the abilities of the four Streptomyces isolates to produce 
chitinase, B-13-glucanase, diffusible inhibitory antifungal metabolites, and to lyse the hyphae 
of F. oxysporum fsp. lycopersici, they varied in their abilities to produce volatile antibiotics 
siderophores indole-3-acetic acid, polyamines, and to solubilize insoluble rock phosphate. 
Streptomyces roseodiastaticus (isolate # 8) produced only polyamines. Streptomyces 
erumpen (isolate # 11) produced volatile antibiotics, indole-3-acetic acid, and solubilized 
insoluble rock phosphate. Streptomyces aurantiacus (isolate # 42) produced indole-3-acetic 
acid, polyamines and solubilized insoluble rock phosphate. Streptomyces rameus (isolate # 59) 
produced volatile antibiotics indole-3-acetic acid, and solubilized insoluble rock phosphate. 
None of the four isolates produced siderophores. 
These most-promising antagonistic four isolates were subsequently tested in the 
greenhouse, individually or as a mixture, for their ability to suppress wilt disease of tomato in 
soil ",rith or without seaweed amendment. The treatment which included all four isolates in soil 
amended with F. oxysporum fsp. lycopersici and seaweed was significantly superior to all 
other treatments in suppressing wilt disease and was nearly as good as the fungicide treatment 
(prochloraz application). 
The application of the four actinomycetes in the presence of the pathogen either singly or in 
combination in the absence of seaweed amendments, or in the presence of seaweed 
amendments, either singly or in combination also significantly (P<0.05) promoted plant growth 
compared to the controls. In these treatments, there were a significant (P<0.05) increases in the 
shoot and root lengths and in the dry weights of shoots and roots. The treatment which 
included all four actinomycetes applied in combination in the presence of seaweed amendments 
gave the best growth promotion effect in comparison with other treatments. 
Microbial activity in soils amended with seaweed extract, were found to be significantly (P 
< 0.05) higher than in seaweed-non-amended soils, eight weeks after the addition of seaweed 
extract in the soil indicating the importance of soil amendments on natural microbial activity. 
A positive association was evident with their in vitro antagonism and disease reductions in 
each case. This study clearly showed the potential for the application of antagonistic 
rhizosphere-competent actinomycetes mixture in a seaweed amended soil, for the management 
of tomato disease caused by F. oxysporum fsp. lycopersici in the UAE. 
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CHAPTER 2 
INTRODUCTION 
C HAPT E R  2: I NTRODUCT I ON 
2.1 Tomato 
Tomato is commercially important throughout the world, both for the fresh fruit market and the 
processed food industries. It is grown in a Vvide range of climates in the field, under protection 
in plastic greenhouses and in heated glasshouses. The commercial tomato belongs to a species 
most frequently referred to as Lycopersicon esculentum Miller. The correct Latin name for 
this species has been the subject of much discussion which has not been fully resolved. The 
alternative names Solanum lycopersicum L., or Lycopersicon lycopersicum (L.) Karsten have 
also appeared in the literature. Lycopersicon is a relatively small genus within the extremely 
large and diverse family olanaceae (nightshade family). The Solanaceae family is 
characteristically ethnobotanical, that is extensively utilized by humans. It is an important 
source of food, spice and medicine. Tomato belongs to the same family which also includes 
the eggplant potato pepper, tobacco and petunia which have had a long and interesting 
association vv'ith humankind (Taylor, 1 986). 
2.2 Tomato d iseases 
Plant disease becomes the limiting factor in tomato production in many parts of the world when 
cultivars with resistance to numerous diseases are not planted. There are nearly 200 known 
tomato diseases of diverse causes. Control of these diseases involves host resistance, 
exclusion, eradication and protection in an integrated host management program. Diseases of 
tomato can be classified into parasitic diseases those caused by a pathogenic microorganisms 
and non-parasitic diseases caused by other abiotic factors (physiological Disorders) (Jones et 
al. , 1 997). 
2.2.1 Non-parasitic diseases (Non-infectious diseases or physiological disorders) 
Non-parasitic diseases of tomato are caused by extremes in light, heat, soil moisture, and soil 
reaction and by nutritional imbalances, unfavorable oxygen relations, atmospheric pollutants, 
damage caused by herbicides and other pesticides and lightning. Symptoms caused by non­
parasitic diseases often mimic those caused by parasitic diseases and add to the difficulties of 
making diagnosis. The most common physiological disorders in tomato include: blossom drop, 
blossom-end rot, cat-face, puffiness, rain check, chilling injury, growth cracks, water wilt, 
sunscald, yellow shoulder, and zippering (Jones et al. , 1997). 
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2.2.2 Para itic d i  ea e ( lnfectiou Di ea e ) 
Parasitic diseases are those caused by bacteria, fungi viruses, viroids nematodes and insects. 
For a disease to de elop a susceptible part of a susceptible host a virulent pathogen and the 
proper environment must be present and result in damage to the host (Jones et al. ,  1 997). 
2.2.2.1 Tomato di ea es cau ed by fungi 
Among the most common tomato diseases caused by fungi according to Jones et al. ( 1997) are: 
tern canker or black mold (caused by Alternaria alternara); anthracnose (caused by 
Colletotrichum spp.); black root rot (caused by Thielaviopsis basicola); Buckeye rot (caused by 
Phytophthora parasitica); charcoal rot (caused by 1I1acrophomina phaseolina) corky root rot 
(caused by Pyrenochaeta lycopersici); Didymella stem rot (caused by Didymella Iycopersici); 
early blight (caused by Alternaria solani); crown and root rot (caused by F. oxysporum f.sp. 
radicis-lycopersici); Fusarium wilt (caused by F. oxysporum f.sp. Iycopersici); gray leaf spot 
(caused by Stemph) lium solani) ; gray mold (caused by Botrytis cinerea); late blight (caused by 
Phytophthora infestans)' leaf mold (caused by Fulvia fulva); Phoma rot (caused by Phoma 
destructiva); powdery mildew (caused by Leveillula taurica); Septoria leaf spot (caused by 
Septoria Iycopersici); southern blight (caused by Sclerotium rolfsii); target spot (caused by 
Corynespora cassiicola); Verticillium wilt (caused by Verticillium albo-atrum and V dahliae); 
white mold (caused by Sclerotinia sclerotioeum); Rhizoctonia diseases (damping-off, root rot 
basal stem rot) (caused by Rhizoctonia solani); and Pyfhium diseases (seed rot; damping-off, 
root and stem rot) (caused by Pythium aphanidermatum, P. ultimum, and P. debaryanum). 
2.2.2.2 Tomato d iseases caused by bacteria 
Among the most common bacterial diseases of tomato are: bacterial canker (caused by 
Clavibacter michiganensis sub-sp. michiganensis) ; bacterial speck (caused by Pseudomonas 
syringae pv. tomato); bacterial spot (caused by Xanthomonas campestris pv. vesicatoria); 
bacterial stem rot (caused by Erwinia carotovora subsp. carotovora); bacterial wilt (caused by 
Pseudomonas solanacearum); syringae leaf spot (caused by Pseudomonas syringae pv. 
syringae); and pith necrosis (caused by Pseudomonas corrugata) (Jones et al., 1997). 
2.2.2.3 Tomato d iseases caused by viruses 
Among the most common viral diseases of tomato: tomato bushy stunt (caused by tomato 
bushy stunt virus); tomato mosaic (caused by tomato mosaic virus), tomato yellow leaf curl 
(caused by tomato yellow leaf curl virus); tomato yellow top (caused by tomato yellow top 
virus); and tomato spitted wilt (caused by tomato spitted wilt virus) (Jones et aZ., 1997). 
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2.2.2.4 Tomato di  ea e cau ed by nematode 
Among the most common diseases of tomato caused by nematodes are : root knot caused b 
ll1eloidogyne spp. · stubby root caused by Paratrichodorus and Trichodorus spp.· and sting 
nematode caused by Belonolaimus spp. (Jones et ai. 1 997). 
2.3 Tomato production and tomato oil-borne diseases in the UAE 
In the UAE the production of fresh tomatoes has exponentially increased during the recent 
years reaching over 230,000 tons in 2002 and thus became the largest vegetable crop being 
produced in UAE (Municipality & Agriculture Department, Agriculture Sector Emirate of 
Abu Dhabi, personal communication). In the UAE, tomato diseases caused by soil-borne 
fungal plant pathogens are causing economical loss to the commercial local growers especially 
those who grow tomatoes under greenhouse conditions (Al-Asam, 1 998). Wilt disease is a 
severe disease and causes considerable damage in tomatoes production grown for the local 
market in the UAE (AI-Asam, 1 998). 
2.4 Fusarium wilt d isease of tomato 
Fusarium wilt of tomato was first described by G.E .  Massee in England in 1 895.  It is of 
worldwide importance, having been reported in at least 32 countries. In southern states in USA 
and in Europe, the disease is destructive especially under field conditions, but in northern areas 
of the USA it is limited by variation in temperature to greenhouse crops (Walker, 1 97 1 ). 
Fusarium wilt can destroy tomato production under field conditions especially when favorable 
soil conditions are available (Beckman, 1 987; Jones et al. , 1 997). 
2.4.1 Symptoms 
Infected seedlings are stunted. The older leaves drop and curve downward, and tum yellow. 
The vascular tissue becomes dark brown, the bases of affected stems enlarge, and the plants 
frequently wilt and die (Beckman, 1 987). Symptoms on older plants general ly become 
apparent during the interval from blossoming to fruit maturation. The earliest symptom is the 
yellowing of the older leaves. This often develops on only one side of the plant, and the 
leaflets on one side of a petiole frequently tum yellow before those on the other side. The 
yellowing gradually affects most of the foliage and is accompanied by wilting of the plant 
during the hottest part of the day (Jones et al., 1 997). The wilting becomes more extensive 
from day to day until the plant collapses and dies. The vascular tissue of a diseased plant is 
usually dark brown. The browning extends far up the stem and is especially noticeable in a 
petiole scar (Walker, 1 97 1 ) . The browning of the vascular system is characteristic of the 
disease and generally can be used for the identification. Fruit infection occasionally occurs and 
can be detected by the vascular tissue discoloration within the fruit (Beckman, 1 987). 
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2.4.2 Cau al  organism 
The mycelia of Fusaium Oxysporum chlechtend.:Fr.f.sp. Iycopersici (Sacc.) W.e. nyder & H . 
. Hans. are delicate white to pink, often with a purple tinge, and are sparse to abundant (Jones 
et al. 1 997). Micro-conidia are borne on simple phialides arising laterally and are abundant, 
o al-ellip oid, straight to curved, 5- 1 0  X 2 . 1 -3 . 1  !lm and non-septate or with one septum 
(Beckman, 1 987). Macro-conidia sparse to abundant, are borne on branched conidiophores or 
on the surface of sporodochia (group of conidiophores united at the base and free at the top) 
and are thin walled with two to five septa, fusoid and pointed at both ends and measure (27-46 
X 3-5  !lm) if three-septate or (35-60 X 3-5 !lm) if five-septate. Three-septate macro-conidia are 
more common (Beckman 1 987). Chlamydospores both smooth and rough walled, are 
abundant and formed terminally or on an intercalary basis. They are generally solitary, but 
occasionally form in pairs or in chains (Jones et al. , 1 997). 
Three physiological races of this pathogen have been reported (Beckman, 1 987). Race 1 is 
the most \videly distributed, having been reported from most geographical areas. Race 2 was 
found firstly in Ohio USA as early as 1 940, but it did not cause economic damage until its 
di covery again in Florida in 1 96 1 .  Thereafter it was rapidly reported on several USA states 
and in several other countries including Australia, Brazil, UK, Mexico, Morocco, the 
Netherlands, and Iraq. Race 3 was reported in 1 966 in Brazil. Since then it has been found in 
Australia and in Florida and California (Jones et al., 1 997). 
2.4.3 Disease cycle and epidemiology 
Fusarium wilt is a warm-weather disease, most prevalent in sandy soils. The pathogen is soil­
borne and remains in infected soils for several years. Invasion occurs through wounds in roots 
growing through infested soil (Beckman, 1 987). The pathogen penetrates the roots and grows 
through the water-conducting system of the stem and leaves (Jones et al., 1 997). 
In general, factors favoring wilt development are soil and air temperatures of 28°C, high 
soil moisture, plants preconditioned with low N and P and high K, short day length, and low 
light intensity. Virulence of the pathogen is enhanced by micro-nutrients, phosphorus, and 
ammoniacal nitrogen and decreased by nitrate nitrogen (Jones et al. , 1 997) . Dissemination of 
F. oxysporum f.sp. lycopersici is via seed, tomato stakes, soil and infected transplants or 
infested soil attached to transplants. Long-distance spread is through seed and transplants. 
Local dissemination is by transplants, tomato stakes, wind-borne and water-borne infested soil, 
and farm machinery (Beckman, 1 987). 
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2.4.4 Control 
A variety of methods has been used to control wilt disease of tomato. These have included the 
use of fungicides, cultural practices through the use of soil amendments, crop rotation and 
culti ar resistance. Resistant tomato culti ars have been used for the control of races 1 and 2. 
Monogenic resistance to race 3 has been identified. Pasteurization of infested soil with steam or 
fumigants has been reported also to reduce the incidence of wilted plants and greatly increases 
marketable and total yields (Jones et al. 1997). The application of nitrate nitrogen rather than 
ammoniacal nitrogen have been reported to reduce disease development and results in yield 
increase equal to those gained by injecting fumigants into soil (Beckman, 1987). 
2.5 Characteristics of Fusarium species, host range and d istribution 
Fusarium is a form genus in the hyphomycetes (subdivision Deutromycotina) that produces 
macro-conidia, micro-conidia and chlamydospores. All species form macro-conidia with a 
foot-shaped basal cell. Sclerotia may be produced, but they are not important taxonomically. 
The key taxonomic criterion is the shape of the macro-conidium (Windels, 1992). Fusarium 
species comprise pathogens, parasites, and sparophytes and occur on all vegetative and 
reproductive parts of plants. They are found on nearly all plant species in most parts of the 
world. Some species cause disease in humans and animals, and some species produce 
mycotoxins. They occur in soils of every continent except Antarctica. In the genus Fusarium, 9 
to over 90 species and varieties are recognized, depending upon the taxonomic system used 
(\Vindels, 1992). 
Fusarium species are economically important as pathogens on most agricultural, 
horticultural and silvicultural crops grown in the world. Some species are more localized to 
tropical or subtropical, temperate, or cool climates, whereas others are cosmopolitan (Maras as 
et a! . ,  1987). 
2.6 Biology and c lassification of actinomycetes 
2.6.1 Ecology of actinomycetes 
Actinomycetes or (filamentous branched bacteria) are a diverse group of prokaryotic Gram­
positive true bacteria (Eu-bacteria) that exhibit a wide range of morphological differences that 
range from simple bacilli and cocci to complex mycelial organization similar to that of some 
Eukaryotic filamentous fungi. Actinomycetes are placed in the order "Actinomycetales." 
Reproduction is by fragmentation of the mycelium or via the production of special type of 
spores which is present in specialized areas in or on the mycelium (Williams and Wellington, 
1982). 
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ctinomycetes are an important group of microorganisms, not only as degraders of organic 
matter in the natural environment, but also as producers of antibiotics, and other useful 
compounds of commercial interest. In addition actinomycetes are important candidates for the 
production of industrial enzymes, such as chitinase (Streptomyces and Micromonospora 
species), pectinases (Streptomyces species), amylases (Streptomyces and Thermomonospora 
curvata), cellulases (Streptomyces and Thermonospora species), ligninases (Nocardia 
autotrophica), peptidases proteases (Nocardia species), sugar isomerases (Actinoplanes 
missouriensis), xylanases (Microbispora species) and enzyme inhibitors including elasnin 
(Streptomyces noboritoen is), esterastin (Streptomyces lavendulae) and leupeptin 
(Streptomyces species) (Cross, 1 982). 
Actinomycetes are also important in the transformation of aromatic, sterol and steroid 
compounds and for the degradation of recalcitrant molecules (Lechevalier, 1 98 1 ). Most 
Streptomyces spp., which is the common genus in this order, and other members of the 
Actinomycetales are biologically active components of the soil population. They give the 
strong odor of the freshly cultivated soils which is a characteristic property of compounds 
produced by streptomycete actinomycetes (Lechevalier, 1 98 1 ), and indicates that they are in a 
physiologically active state. They contribute to the breakdown and recycling of complex 
organic materials such as proteins, nucleic acids, polysaccharides and lignocellulose found in 
soils (Goodfellow and Williams, 1 983), making the constituents of these compounds available 
for growth of all microbial flora. 
Actinomycetes are not only beneficial organisms but can also cause infections of humans 
and animals (e.g. farmer's lung disease, leprosy, and tuberculosis), of plants (e.g. potato scab 
caused by Streptomyces scabies). However, they are far more beneficial as crop symbionts and 
enzyme and antibiotic producers (Goodfellow and Williams, 1983). 
Actinomycetes are ubiquitous and preferred soil constituents such as litter, humus, dung 
and even rock surfaces (Lechevalier, 1 98 1 ). Viable counts of several millions per gram soil are 
common and over than 20 genera have been obtained from the soil and rhizosphere (Williams 
and Wellington, 1982). It is well known that in dry, humic, calcareous soils (alkaline soils), 
actinomycetes form the dominant fraction of the microbial community with viable counts 
reaching 1 06 gol dry weight soil (Goodfellow and Williams, 1 983). However on the other hand, 
numbers in anaerobic waterlogged soils and also in acidic soils are often found to be relatively 
low ( 1 02- 1 03 gol dry weight soil) compared to neutral or slightly alkaline soils (Williams and 
Wellington, 1 982). 
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Among actinomycetes, frequencies of isolation for Streptomyces were 95.3%. Actinopianes 
0.2%. Actinomadura 0. 1 %, Microbispora 0. 1 8%, Micromonospora 1 .4% Tocardia 1 .98%, 
Pseudonocardia 0.06% Streptosporangium 0. 1 0%, Thermoactinomyces 0. 1 4%, and 
Thermomonospora 0.22%. Frequency of isolation must be regarded as tentative, since any 
isolation procedure is to some extent selective (Williams and Wellington, 1 982). 
Streptomyces spp. normally account for 70 to 90% and rarely as low as 5% of the 
actinomycete colonies reco ered on isolation media inoculated with soil suspensions 
(Alexander, 1 977). This variation, in part, could be due to the composition of the isolation 
media used. 
Lechevalier and Lechevalier ( 1 967) examined 5000 isolates of actinomycetes from the soil, 
and found that genera of non-streptomycete actinomycetes (genera other than the common 
genus Streptomyces spp.) which can be considered as rare, such as Actinoplanes, Microbispora, 
A1icroellobosporia, Micromonospora, Micropoiyspora, Nocardia, Pseudo nocardia, 
Streptosporangium, Thermoactinomyces and Thermomonospora constitute less than 0.2% of 
the total isolations. In Japan, Nonomura and Ohara (197 1 )  found that non-streptomycete 
actinomycetes such as Microbispora and Thermomonospora constitute less than 1 03 colony 
forming units g-l dry weight soil. 
It is well known that the number of actinomycetes in the rhizosphere soils are significantly 
higher than those present in bulk soil (away from plant roots) and this depends on the species 
and age of the plant (Goodfellow and Williams, 1 983). Rhizosphere effects on actinomycetes 
have been expressed as R:S (Rhizosphere : Soil) ratios. For example, soybean and maize 
harboured 1 0  to 1 8  times as many actinomycetes in their rhizosphere compared to bulk soil 
(Abraham and Herr, 1 964), with R:S ratios of sand dune plants ranging from 1 6  to 50 (Watson 
and Williams, 1 974). Basil et al. (2004) reported that there were no statistical differences 
between the relative numbers of culturable actinomycetes in the rhizosphere of sagebrush 
versus bulk soils when they used the conventional isolation techniques. However, when they 
applied the peR amplification of the 1 6S rRNA gene sequences of the total soil DNA (in situ 
detection methods), they reported that the popUlations of antibiotic-producing actinomycetes 
were significantly higher in the rhizosphere soils, as compared with the bulk soil (Basil et al., 
2004). 
2.6.2 Environmental factors which affect actinomycete survival in the ecosystems 
Actinomycetes are widespread in the ecosystems and most actinomycete species are aerobic, 
mesophilic, and chemo-organotrophic (Williams and Wellington, 1 982; Goodfellow and 
Vlilliams, 1 983). The important limiting factors which control the distribution, abundance and 
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acti ity of actinomycetes in the soil include the relative moisture content, soil vegetation. 
nature and abundance of organic matter availability of nutrients, salinity, temperature and soil 
pH (McCarthy and Williams, 1 990). Actinomycetes in general, prefer neutral to slightly 
alkaline soi ls as a natural habitat (PH = 7- 7.6) (Goodfellow and Williams 1 983) . Most soil 
actinomycetes grow in the pH range of 5.0-9.0, with an optimum close to neutrality 
(Goodfellow and Williams, 1 983). The addition of l ime to acidic soils led to a 1 00-fold 
increase of actinomycetes as compared with untreated soils (Tsao et al. , 1 960; El-Tarabily et 
at. , 1 996a). 
The application of clay and humic acids has been reported to affect the number, the 
distribution and activity of soil actinomycetes. Mara and Oragui (198 1 )  reported that growth 
and activities of soil actinomycetes were stimulated by the incorporation of calcium 
montmorillonite into their culture medium. 
Soil actinomycetes are also affected directly by the presence of available carbon sources. 
The populations of soil actinomycetes were found to be higher in land rich in organic matter 
(higher carbonaceous materials and humus) compared to soils which is known to be poor in 
their organic matter content (Alexander, 1 977) . Henis ( 1 986) reported that the number of soil 
actinomycetes is positively and directly correlated with the level of organic matter in the soil. 
Amendment with organic nutrients such as crop residues, humic acids, seaweed extract, fish­
meal powder, and animal manure increases the abundance of actinomycetes (Alexander, 1 977; 
El-Tarabily et  aI. , 2003). Soil amendment with cellulose powder significantly increased the 
population and diversity of streptomycete and non-streptomycete actinomycetes and improved 
the efficacy of  the actinomycetes isolates used as a bio-control agent to reduce the incidence of 
damping-off disease of cucumber caused by Pyfhium aphanidermatum in sandy soils in the 
UAE (El-Tarabily, 2006). 
Humidity and moisture content can also be a very important limiting factor that affects the 
population and diversity of soil actinomycetes. In general, actinomycetes are favored by 
relatively low moisture levels. Williams et  al. ( 1 972) showed that wel l-drained sandy soils 
contain higher populations of actinomycetes than heavy clay soils. In very wet soils 
(waterlogged soils), for example at 85 to 1 00% of the water-holding capacity actinomycetes 
may appear only rarely (Alexander, 1 977). The colony forming units of actinomycetes, in 
general, remain high as soils dry out while the relative incidence of bacteria are adversely 
affected as they lack tolerance to arid conditions (Alexander, 1 977). The high counts of 
actinomycetes in dry soi ls  may be due to their enhanced abil ity to produce spores under these 
dry conditions (El-Tarabily and Sivasithamparam, 2006). 
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2.6.3 I olation of actinomycete from oil,  and rhizo phere 
Cros ( 1 982) and Williams and Wellington ( 1 982) outlined the stages in the isolation of 
actinomycetes from bulk or rhizosphere soils which include: (i) selection of the material 
containing the microbes; (ii) growth on laboratory media and addition of antibiotics to the 
medium' (iii) pre-treatment of the substrate ' (iv) incubation conditions; and (v) colony selection 
and purification. 
For the selective isolation of actinomycetes from a range of substrates, a wide range of 
substrate pre-treatments and implementation of inhibitors and antibiotics have been used 
(Cross, 1 982' Williams and Well ington, 1 982). The types of culture media used to isolate 
actinomycetes vary considerably. Incubation period of isolation plates can be critical with 
slow-growing actinomycetes which take a longer period to appear as colonies, in comparison to 
the fast-growing Streptomyces spp. (Cross, 1 982). 
Methods commonly employed for the selective isolation and enumeration of soi l  and 
rruzosphere actinomycetes used for the purpose of biological control of soil-borne plant 
pathogens and for studies related to plant growth promotion deal almost exclusively with those 
suitable for Streptomyces species. Streptomyces spp. grew very rapidly on soil-dilution plates 
and presents an unbalanced picture of the spectrum of the total actinomycetes which inhabit the 
soil and rhizosphere (Goodfellow and Williams, 1 983). By using the normal techniques of 
isolation, many slow-growing actinomycetes are neglected due to the over growth with the fast­
growing " weedy" Streptomyces colonies which tend to swamp the isolation plates (EI-Tarabily 
and S ivasithamparam, 2006). 
For the isolation of uncommon non-streptomycete actinomycetes (e.g. Actinoplanes, 
A1icrobispora, and Micromonospora) many alternative new methods were applied. These 
include the application of the dry heat technique (Nonomura and Ohara, 1 969) and 
Streptomyces phage (Long and Amphlett, 1 996). These methods have been successfully used 
to reduce the dominance by the fast-growing streptomycete actinomycete colonies on isolation 
plates and to faci litate the recovery of slow growing and relatively less competitive non­
streptomycete actinomycete colonies. Other recent techniques such as the use of coal-vitamin 
medium with soil pre-treatment with peptone and lauryl sulfate at 50°C for 1 0  min (You and 
Park, 1 996), microwave radiation (Bulina et al. , 1 997), electric pulses (Bulina et al. , 1 998), 
differential centrifugation (Hayakawa et al. , 2000), and high frequency radiation (Li et al. , 
2002), were all used in order to increase the recovery of actinomycete genera from isolation 
plates. 
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2.6.4 Taxonomy of actinom cete 
The conventional methods used for the full identification of actinomycetes into genera and 
species have been thoroughly reviewed. These criteria include : ecological, morphological, 
cultural , ph siological and biochemical characteristics (Goodfellow, 1 989). Cell wall 
chemotype, whole cell sugar pattern, peptidoglycan type, fatty acid pattern, major 
menaquinone, phospholipid type and molecular % of G + C of DNA are also useful tools in the 
identification of actinomycetes (Goodfellow and Cross, 1 984' Goodfellow, 1 989). Recent 
molecular biology techniques including 1 6S rRNA analysis and DNAfD A-hybridization 
techniques are now commonly employed (Maidak et al., 1 999). 
Lechevalier and Lechevalier ( 1 985) separated actinomycetes into broad groups of unequal 
SIze. The first group is composed mainly of fermentative organisms that are most often 
associated with natural cavities of man and animals. The much larger second group is 
composed of oxidative organisms for which soil is the basic reservoir and from which they are 
distributed to most other environments. The organisms in the first group do not produce special 
morphological features other than a branching mycelium. Mycelial development may be 
transitory, occurring only during active growth and fragmenting immediately when the growth 
rate slows. Their cell walls do not contain diaminopimelic acid (DAP). Some of them are soil 
inhabitants ego Agromyces ramosus, Actinomyces humiferus and Oerskovia spp (Lechevalier 
and Lechevalier, 1985). 
The organisms in the second group are morphologically more complicated than the first 
group, and contain DAP in their peptidoglycan in their cell walls. They mainly develop into 
the mycelial state and reproduce through the formation of unicellular spores, differentiated 
either singly or in chains at the tips of the hyphae ego Streptomyces, Streptoverticillium and 
Actinomadura. Some of them are sporangium-forming actinomycetes with flagellated 
sporangiospores ego Actinoplanes, while Micromonospora form single spore on their substrate 
mycelium. Dermatophilus and Geodermatophilus form a substrate mycelium which divides 
both transversely and longitudinally to give a primitive multilocular sporangium. This second 
group is a large and complex one and contains many genera distinguished by a combination of 
structural and chemical properties (Lechevalier and Lechevalier, 1 985). 
In another c lassification system of actinomycetes, Goodfellow ( 1 986) assigned all the 
actinomycete genera into ten aggregate groups:  actinobacteria, actinoplanetes, Kitasatosporia, 
maduromycetes, micropolysporaes, multilocular sporangium-forming actinomycetes, 
nocardioforms, Nocardioides, streptomycetes and thermomonosporaes. Today there are more 
than 60 genera in these aggregate groups (Goodfellow, 1 989). 
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2.7 Biological control of o i l-borne fungal p lant pathogen 
Principles of plant disease control ary considerably from one disease to another depending on 
the kind of pathogen, the host and the interaction bern'een the two. According to chumann and 
D' Arc (2007) control methods could be classified as regulatory, cultural, biological, physical 
and chemical ,  depending on the agents employed. 
While regulatory control measures aim at excluding a pathogen from a host or from a 
certain geographical area, cultural control measures aim at helping plants to avoid contact with 
a pathogen and at eradicating or reducing the amount of inoculum potential (Schumann and 
D'  Arcy, 2007). Biological and some cultural control methods aim at improving the resistance 
of the host or at favoring microorganisms antagonistic to the pathogen. Physical and chemical 
methods aim at protecting the plant from a pathogen that is expected to arrive and curing an 
infection that is already in progress (Schumann and D'  Arcy, 2007). 
Traditional methods used to protect crops from diseases have been largely based on the use 
of chemical pestic ides. Applications of fungicides and fumigants can have drastic effects on 
the en ironment and consumer, and are often applied in greater quantities than herbicides and 
insecticides in agricultural production. Chemical methods are not economical in the long run 
because they pollute the atmosphere, damage the environment, leave harmful residues, and can 
lead to the development of resistant strains among the target organisms with repeated use 
(Naseby et a! . ,  2000; Smith and Thomson, 2003). 
A reduction or elimination of synthetic pesticide appl ications in agriculture is highly 
desirable. One of the most promising means to achieve this goal is by the use of new tools 
based on biocontrol agents for disease control alone, or to integrate with reduced doses of 
chemicals in the control of plant pathogens resulting in minimal impact of the chemicals on the 
environment (Vinale et  aI. ,  2008). To date, a number of biocontrol agents have been registered 
and are available as commercial products, including strains belonging to bacterial genera such 
as Agrobacterium, Pseudomonas, Streptomyces and Bacillus, and fungal genera such as 
Gliocladium, Trichoderma, Ampelomyces, Candida and Coniothyrium (Whipps, 200 1 ;  
Doumbou et al. , 2002; Vinale et al. , 2008). 
2.7.1 Definition of b iological control 
S ince Smith ( 1 9 1 9) introduced the flist definition of biological control of plant pathogens, there 
have been many other defmitions. In 1 974 Baker and Cook introduced a sustained and more 
unified concept or definition of biological control stating that : "Biological control is the 
reduction of the amount of inoculum or disease-producing activities of a pathogen or parasite in 
its active or dormant state, by one or more organisms, accomplished naturally or through 
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manipulation of the en ironment, host, or antagonist or by mass introduction of one or more 
antagonists" .  This definition has been accepted by many phytopathologists (Cook and Baker, 
1 983 ;  Whipps, 200 1 ). 
In the light of this definition, the reduction of inoculum potential may be achieved by: (i) 
the removal and burning of infected host plants; (ii) the eradication of alternate hosts or annuals 
used by the pathogen for over-wintering; (iii) crop rotation; (iv) creating conditions unfavorable 
for growth and survival of the pathogen through solarization, changing of pH, or amending 
\\rith ferti lizers; (v) improving cultural practices through selection of planting time, water 
regime; (vi) impro ing resistance through breeding and grafting; and (vii) the introduction of 
antagonistic microorganisms that can inhibit the growth of the pathogenic soil-borne fungal 
plant pathogens (Cook and Baker, 1 983) .  
2.7.2 Mechanisms of biological control 
Certain microbial antagonists of soil-borne fungal plant pathogens have been shown to have 
totally unrelated mechanisms of action (Doumbou et a!. ,  2002; Whipps, 200 1 ;  Vinale et at. , 
2008). These include soil antibiosis, hyperparasitism and production of cell-wall degrading 
enzymes, competition for nutrients and space, and the application of soil amendments, 
(Schumann and D '  Arcy, 2007; Vinale et aI. , 2008). 
Of the habitats occupied by plant-associated bacteria, the zone of influence around roots, 
the rhizosphere, has been the primary source of potential biological control or plant growth­
promoting strains. This is due to the high diversity and population densities of rhizosphere 
bacteria (Donumbou et a!. , 2002; El-Tarabily and Sivasithamparam, 2006). The term plant 
growth-promoting rhizobacteria (pGPR) is generally used to describe naturally occurring free­
l iving soil bacteria that are involved in a beneficial association with plants and reflects the facts 
that the site of action of these organisms is on or near the roots of the plant (i .e . ,  the 
rhizosphere). PGPR have the potential capability to significantly protect plants from disease 
caused by bacteria and fungi and also to enhance the yields of various crops (Glick et al. , 
2007) 
PGPR stimulate the growth of plants by one or more of a number of different direct and 
indirect mechanisms. Indirect mechanisms are those related to the production of metabolites, 
such as siderophores which can sequester iron necessary for the growth of pathogens and 
antifungal metabol ites which increase plant growth by decreasing the activities of 
phytopathogens. Direct mechanisms reported include production of plant growth regulators 
(pGRs) such as auxins, cyto kinins , gibberel lins and polyamines which can directly enhance 
various stages of plant growth, enhancement of plant nutrient uptake especially phosphorous, 
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nitrogen fixation. A particular PGPR strain may enhance plant groVvih and development using 
one or more of these mechanisms (Glick et ai. , 2007). 
2.7.2 . 1  Antibio i (production of diffusible and volatile inhibitory antifungal metabolite ) 
The term antibiosis can be defined as " the excretion of one or more antifungal metabolites by 
an organism hich has a deleterious harmful effect on one or more other organisms" (Chaube 
and ingh, 1 99 1 ). This mechanism is very important in the biological control of soil-borne 
fungal plant pathogens. However the production of antibiotics by microorganisms is hard to 
prove in the natural environment. Many antibiotics produced in soil environments can be 
adsorbed easily by organic matter or clay particles (Singh and Faull,  1 988) or are quickly 
decomposed by microbial community. These complications and the lack of more sensitive 
techniques to detect low levels of antibiotics in soil make it difficult to prove their effects in 
oil (Fravel, 1 988). 
Baker ( 1 968) reported that antibiosis in culture media does not necessarily indicate 
antibiosis in soil .  Inacti ation of  antibiotics produced in  soil is due to a number of  processes, 
including adsorption on clay col loids and humus particles, actual microbiological degradation, 
and instabi lity due to pH. The most important of these may be adsorption. Persistence of 
antibiotics in the adsorbed condition may occur (Baker, 1 968). In vitro studies have shown that 
certain fungi and bacteria including actinomycetes are capable of producing non-volatile 
diffusible antifungal metabol ites or antibiotics (Rothrock and Gottlieb, 1 984; Vinale et al. , 
2008) and volatile antibiotics (Dennis and Webster, 1 97 1  b) whereas information on antibiosis 
in potting mix or soil is  l imited. 
Studies on the mechanisms of action of actinomycetes have concentrated mainly on in vitro 
screens especially in relation to antibiosis (Cooper and Chilton, 1 950; Turhan and Grossmann, 
1 986; Yuan and Crawford, 1 995 ;  Getha et al. , 2005 ;  El-Tarabi ly, 2006). Such in vitro assays, 
which are routinely used in screening of microbial antagonists against fungal pathogens, have 
been most valuable as screens for the production of antifungal metabolites or antibiotics 
(Turhan, 1 98 1 ;  Yuan and Crawford, 1 995 ;  Trejo-Estrada et al. , 1 998a; Getha et at. , 2005). 
In routine screening tests, antibiosis is  determined by pairing colonies on agar plates (dual 
culture technique) (Yuan and Crawford, 1 995). There have been several modifications of this 
method including the Herr's triple-agar-layer plate technique (Herr, 1 959), reversed layer 
method (Hasegawa et al. , 1 990), and mycelial spray technique (Alvarez et at. , 1 995) .  All of 
these methods give an indication of the level of effectiveness of the antagonist to inhibit the 
growth of a pathogen via the production of anti-fungal metabolites (El-Tarabily and 
Sivasithamparam, 2006; Vinale et al., 2008). These routine preliminary tests are usually 
16  
follov.·ed by experiments involving the purified fractions of the filtrates or the use of the culture 
filtrates itself (Turhan, 1 98 1 ;  Rothrock and Gottlieb, 1 984: Yuan and Cra\vford, 1 995; Trejo­
Estrada et al. , 1 998b). 
Possible invol ement of competition for nutrients in the in vitro plate assays can be 
effectively cancelled by the use of the dialysis membrane overlay technique (Dennis and 
Webster, 1 971 a). In the dialysis membrane overlay technique it is possible to eliminate the 
confusion between fungicidal (strong complete inhibition or death of the fungus) and 
fungistatic (weak inhibition of the pathogen) effects by testing the viabil ity of the pathogen 
plug on a fresh agar plates, fol lowing exposure to the antifungal metabolites (Dennis and 
Webster, 1 97 1 ). 
The modifications of the paired plate technique are also commonly used for assays of 
volatile antifungal metabolites (Dennis and Webster 1 971 b) produced by actinomycete 
antagonists which are inhibitory to the growth of the pathogens (e.g. Upadhyay and Rai, 1 987). 
Volatiles inhibitory metabol ites have been reported to be produced by antagonistic 
Streptomyces spp. , and other non-streptomycete actinomycetes (Upadhyay and Rai , 1 987). 
The standard agar media used for the in vitro assays for antibiotic production involve 
relatively nutrient rich media although it has been shown by a number of researchers (e.g. 
Whipps, 1 987) that the availability of nutrients has a significant effect on the antagonistic 
activities ofthe microorganisms screened. 
Gliocladium virens has been shown to control effectively damping-off of Zinnia sp. 
seedlings caused by Pythium ultimum. G. virens has been shown to produce detectable levels 
of gliotoxin which was correlated with disease suppressive activity (Lumsden et al. , 1 992). 
Bacteria including actinomycetes also produce antibiotics. Pseudomonas fluorescens produces 
pyoluteonin which is strongly inhibitory to Pythium ultimum. Seeds that were treated with the 
antibiotic or with the bacterium showed increased survival in Pythium ultimum infested soil, 
compared to non-treated seeds. However, if this antibiotic was added directly to the soil then 
the seeds did not germinate due to pre-emergence damping-off. This is most likely a result of 
the antibiotic being inactivated by soil colloids (Howell and Stipanovic, 1 980). 
Over one thousand secondary metabolites from actinomycetes were discovered during the 
years 1988- 1 992. Actinomycetes produce a variety of antibiotics with diverse chemical 
structures such as polyketides, B-Iactams and peptides, in addition to a variety of other 
secondary metabolites that have antifungal , anti-tumor activities (Whipps, 200 1 ;  Doumbou et 
at. , 2002; EI-Tarabily and S ivasithamparam, 2006). Rothrock and Gottlieb ( 1 984) presented 
evidence that the antibiotic geldanamycin is produced in soil by Streptomyces hygroscopicus 
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ar. geldanus and that the antibiotic accounts for the antagonism of S. hygroscopicus var. 
geldanus to Rhizoctonia solani in soi l .  Turhan and Grossmann ( 1 986) tested the antibiotic 
activity of 300 isolates of actinomycetes towards six different soil-borne fungi using a modified 
agar-ring method and found considerable variation among the fungi tested in relation to their 
ensitivity to the antibiotics produced by the actinomycete isolates (Turhan and Grossmann, 
1 98 6). 
Streptomyces \,iolaceusniger YCED9 is a good model as an example of the potential of a 
streptomycete as biocontrol agent. It produced three antimicrobial compounds which include 
nigericin, geldanamycin and a fungicidal complex of polyene-like compounds termed AFA 
(Anti-Fusarium Acti ity) that included guanidylfungin A (Trejo-Estrada et aI. , 1 998a). The 
composition of the media in which YCED9 was grown was found to play a key role in the 
production of each of these metabolites (Dournbou et a!. , 2002). 
2.7.2 .2 l\tfyco-parasitism (Hyperparasitism) and production of extracellular cell-wall 
degrading enzymes 
The complex process of mycoparasitism consists of several events, including recognition of the 
host, attack and subsequent penetration and killing. During this process, actinomycetes secrete 
cel l-wall degrading enzymes that hydrolyze the cell wall of the host fungus, subsequently 
releasing oligomers from the pathogen cell wall (Woo et aI. , 2006; Vinale et a!. , 2008). 
1ycoparasites are fungal pathogens of other fungi . The term hyperparasite can also be 
used for actinomycetes and other bacteria that parasitize plant pathogenic fungi (Cook and 
Baker 1 983) .  Myco-parasitism or hyper-parasitism may be classified into biotrophs and 
necrotrophs. Biotrophic mycoparasites or hyperparasites obtain their nutrients by directly 
invading a fungal cel l ,  forming haustoria and generally cause little harm to the host. In 
contrast, necrotrophic mycoparasites ki l l  their hosts and then utilize the nutrients released from 
the dead hyphae (Cook and Baker, 1 983).  Most plant pathogenic mycoparasite interactions are 
necrotrophic .  However, some are considered to start as biotrophs and when the environment is 
suitable and the population of pathogenic fungi increases they become necrotrophic (Cook and 
Baker, 1 983) .  The mechanisms involved in myco-parasitism include coiling of the hyphae, 
penetration, and production of haustoria and lysis of hyphae (Cook and Baker, 1 983 ; V inale et 
a!. , 2008). Necrotrophic mycoparasites produce enzymes such as chitinase and cellulases 
which lead to exolysis of the host. Exolysis (hyphal lysis) is the destruction of cells by the 
enzymes produced by another organism (Vinale et al. , 2008). 
Although parasitism of hyphae by Streptomyces spp. have been reported (e.g. Tu, 1 988;  
Yuan and Crawford, 1 995), very few reports exist on hyphal parasitism by non-streptomycete 
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actinomycetes. abaou et al. ( 1 983) reported that a strain of Nocardiopsis dassonl'illei sho\.\'ed 
antibiotic m co lytic and parasitic acti ities against the vegetative hyphae of F. oxysporum 
f.sp. albedinis. Upadhyay and Rai ( 1 987) found that a strain of Micromonospora globosa 
parasitized Fusarium udum hyphae in vitro. The hyphal interaction reported included coiling 
penetration, branching of the growing hyphae of the hyperparasite inside the fungal host 
leading to granulation, coagulation of the cytoplasm and hyphal lysis (Upadhyay and Rai, 
1 987) .  
Tapio and Pohto-Lahdenpera ( 1 99 1 )  reported that Streptomyces griseoviridis tightly wound 
around A lternaria brassicicola conidia and Sclerotinia sclerotiorum hyphae eventually causing 
their disintegration. It also grew along the hyphae of Botrytis cinerea, Phomopsis sclerotioides 
and Afycocentrospora acerina, dissolving them. The hyphae of F. oxysporum was slightly 
affected. The hyperparasite grew only loosely on the hyphae of Rhizoctonia solani and on the 
mycelium and oogonia of Pythium ultimum, but the oospores were not parasitised. 
Certain strains of actinomycetes belonging to Actinoplanes, Amorphosporangium, 
Ampullariella, Micromonospora and Spirillospora have been shown to parasitise the oospores 
of Phytophthora megasperma f. sp. glycinea (Sutherland and Lockwood, 1 984, Khan et af. , 
1 993) and Pythium spp. (El-Tarabily et aI. , 1 997; EI-Tarabily, 2006) in vitro. Sutherland and 
Lockwood ( 1 984) reported that the Actinopianes missouriensis was an effective hyperparasite 
both in vitro and under greenhouse studies and reduced root rot of soybean caused by 
Phytophthora megasperma var. glycinea. Khan et af. ( 1 993) found that many species of the 
genus Actinoplanes parasitized the oospores of Pythium spp. including Pythium 
aphanidermatum, Pythium ultimum, Pythium arrhenomanes, Pythium irregulare and Pythium 
myriotylum, both in vitro and in sterile and non-sterile soils .  Actinoplanes philippinensis and 
A1icromonospora carbonacea showed considerable promise as hyperparasites, and both species 
were also shown to produce antibiotics (EI-Tarabily et aI. , 1 997). 
Actinomycetes have been known to produce enzymes which can degrade fungal cell walls 
including 13- 1 ,3 ,  13- 1 ,4, B- l ,6-g1ucanases (Valois et al. , 1 996; Gacto et al. , 2000; El-Tarabily, 
2006) and chitinases (EI-Tarabily et al. , 2000; Nawani et aI. , 2002; EI-Tarabily, 2003). These 
cell-wall degrading enzymes are very effective in the degradation and lysis of fungal hyphae 
(Vinale et aI. , 2008). 
El-Tarabily et al. ( 1 996b) reported that attack by Phytophthora cinnamomi on Banksia 
grandis was controlled by the application of a cel lulase and I3-glucosidase-producing isolate of 
Micromonospora carbonacea which caused hyphal lysis and reduced the severity of root-rot 
under controlled glasshouse conditions. In that study, the activity of the M carbonacea was 
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enhanced by the presence of an antagonistic antibiotic-producing strain of Streptomyces 
violascen and the performance of the combined inoculum was superior to the treatment where 
these antagonists were applied singly (El-Tarabily et al. , 1 996b). 
lvficromonospora carbonacea has been reported to suppress Sclerotinia minor the causal 
agent of basal drop disease of lettuce in the United Arab Emirates (EI-Tarabily et al. , 2000). 
This antagonist produced high levels of chitinase and B- 1 ,3-glucanase, and when the live 
pathogen was presented as the sole carbon source, it caused extensive hyphal plasmolysis, cell 
wall lysis and significantly reduced the level of disease incidence under greenhouse conditions 
(EI-Tarabily et al. , 2000). El-Tarabily (2003) reported that chitinase produced by Actinoplanes 
missouriensis not only caused hyphal lysis of Plectosporium tabacinum the causal agent of 
lupin root rot by but also reduced conidial germination and, where they did germinate, reduced 
the length of the germ tube of the pathogen. This antagonist produced only chitinase and no 
other cell wall degrading enzymes (El-Tarabily, 2003). 
Pythium (Sietsma et al. , 1 975) and Phytophthora hyphae (Bartnicki-Garcia and Wang, 
1 983)  have been reported to contain mainly the non-cellulosic 13- 1 ,3 ,  and 13- 1 ,6 linked glucans 
as the predominant glucans in addition to the cellulosic 13- 1 ,4 l inked glucan which is present as 
a relatively small proportion of the total glucans. The composition of cell walls of oomycetes 
selectively encourages the colonization of vegetative mycelia by actinomycetes capable of 
producing these enzymes (El-Tarabily and Sivasithamparam, 2006). Valois et at. ( 1 996) 
reported that a strain of Nocardioides capable of producing 13- 1 ,3 ,  13- 1 ,4 and 13- 1 ,6 glucanases 
hydrolyzed glucans from Phytophthora fragariae cell walls, caused hyphal lysis and reduced 
the severity of the root-rot disease of raspberry caused by this pathogen. El-Tarabily (2006) 
reported that Actinoplanes philippinensis, and Micromonospora chalcea produced in vitro 13-
1 ,3 ,  13- 1 ,4 and B- 1 ,6-glucanases and caused lysis of Pythium aphanidermatum hyphae and 
parasitized the oospores of Pythium aphanidermatum. 
2.7.3.2 . 1  Chitinase enzyme and the chemical composition of chitin 
Chitin i s  the major structural polysaccharide of the cell wall of many fungi including Fusarium 
(Bartnicki-Garcia and Lippman, 1 982). Chitin consists of un-branched polysaccharide with a 
composition of B- 1 ,4-linked N-acetyl-D-glycosamine (NAG) residues (Bartnicki-Garcia and 
Lippman, 1 982). Chitin i s  a polymer composed of subunits of the amino sugar N-acetyl 
glucosamine joined by glycosidic bonds, the structural strength of this material is a 
consequence of the fact that the molecules aggregate through hydrogen-bonding (Bartnicki­
Garcia and Lippman, 1 9 82). It is hydrolyzed by two separate enzymes categorized as 
chitinases; an endo-chitinase which produces soluble low molecular weight multi-mers of 
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AG, the dimmer , -diacetylchitobiose being dominant, and chitobiase which hydrolyze the 
intermediate to AG (Gupta et al. ,  1 995). 
Microbial chitinases are also commercially available, purified from Streptomyces spp 
(Gupta et aI. , 1 995) .  Chitinase and 13- 1 ,3 -glucanase have also been implicated in the biological 
control of soil-borne fungal pathogens ( ingh et al. , 1 999; Nawani et aZ. , 2002). Such enzymes 
are particularly important as a major constituent of the cell walls of many plant pathogenic 
fungi is chitin (EI-Tarabily and Sivasithamparam, 2006). 
2.7.2.3 Competition with pathogen and soil microbial community 
Competition for carbon, nitrogen and other growth factors, together with competition for space 
or specific infection sites, may be also used by the biocontrol agents to control plant pathogens. 
Trichoderma harzianum is able to control Botrytis cinerea on grapes by colonizing blossom 
tissue and excluding the pathogen from its infection site (Gullino, 1 992). Sivan and Chet ( 1 989) 
demonstrated that competition for nutrients is  the major mechanism used by T harzianum to 
control F. oxy porum f. sp. melonts. Moreover, Trichoderma has a strong capacity to mobilize 
and take up soil nutrients, thus making it more efficient and competitive than many other soil 
microbes (Bern ' tez et aZ. } 2004). Competition for nutrients have been reported to be involved 
in the biological control of soil-borne fungal plant pathogens by other antagonists, especially by 
bacteria (Benhamou et aZ. , 2002) and streptomycete actinomycetes (Tokala et al . ,  2002). 
Competition for nitrogen has been suggested as a mode of competition (Cook and Baker, 
1 983) .  The addition of chitin and lignin was found by Maurer and Baker ( 1 965) to induce 
suppression of bean root rot caused by F. solani f. sp. phaseoli. It was found that the addition 
of nitrogen to the above system caused an increase in suppression indicating that competition 
for nitrogen was involved (Maurer and Baker, 1 965) .  
Competition among microorganisms is also for a substrate. The substrates could be space, 
infection sites, nutrients, oxygen and energy flux (Vinale et aZ. , 2008). Propagules of Pythium 
spp. depend on exogenous nutrients in order to germinate and to infect a host (Elad and Chet, 
1 987). In nutrient poor soils, the main source of inorganic carbon is seed and root exudates. It 
has been postulated that deprivation of these nutrients by soil microbes would result in disease 
suppression (Lockwood, 1 986). Competition for carbon sources and immobilization have been 
shown in a composted bark suppressive to Pythium spp. (Chen et aI. , 1 988b). Microbiological 
activity in a suppressive container medium was so antagonistic to Pythium aphanidermatum 
that the mycelia were extensively lysed and completely degraded with depletion of nutrients 
(Mandelbaum and Hadar, 1 990). Pseudomonas cepacia applied as a seed treatment to peas has 
been shown effectively to inhibit the pathogens Pythium ultimum and Pythium sylvaticum in 
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growth chamber experiments. This bacterium was sho\\'Il to inhibit mycelial growth and lyse 
zoospores. Competition for rhizosphere nutrients was implicated in the biocontrol of these 
fungi (Parke, 1 990). 
2.7.2.4 Soil amendment 
The use of soil amendments to control disease can effectively change the soil and rhizosphere 
en ironment, which may adversely affect the life cycle of pathogens. Use of amendments 
affects the chemical and physical state of soil and root environments (Chaube and Singh, 1 99 1 ) . 
Many types of organic mater have been used for soil amendments. These include sawdust, 
animal and plant meals, chitinous materials, green and dry crop residues and soil cakes (Chaube 
and ingh, 1 99 1 ). Amendment of soil with organic materials such as barley straw, sorghum 
stubble, fowl manure, and lime stimulate saprophytic antagonists of Phytophthora cinnamomi 
(Cook and Baker, 1 983) .  Organic mulches are frequently used to reduce the severity of 
avocado root rot caused by P. cinnamomi (Shea and Broadbent, 1 983).  Compost made from 
hardwood bark was shown to be suppressive to P. cinnamomi (Hardy and Sivasithamparam, 
1 99 1  ) .  
2.8 Rhizospbere competence 
As seeds and roots are the main tissues that require protection from soil-borne fungal plant 
pathogens it is convenient that the antagonists introduced onto the seeds migrate to and 
colonize the roots. For this reason, the importance of rhizosphere competence has been 
recognized, especially after the work of Ahmad and Baker ( 1 987) on Trichoderma strains. In 
relation to actinomycetes, rhizosphere competence has been a focus in the work of (Kortemaa 
et aI. , 1 994; Yuan and Crawford, 1 995 ;  Tokala et ai . ,  2002; EI-Tarabi ly, 2006). 
Rhizosphere competence is clearly an attribute necessary for seed inoculation of any plant 
growth promoting rhizobacteria (pGPR) (Benizri et at. , 200 1 ). Weller ( 1 988) described a good 
root colonizing strain as one which is able to colonize the whole root system, and survive 
during several weeks in the presence of the natural microflora. Ahmad and Baker ( 1 987) used 
the concept of rhizosphere competence to describe colonization of the rhizosphere in terms of 
time and space; Trichoderma species that did not colonize the rhizosphere to a depth greater 
than 2 cm were not classified as rhizosphere competent (Ahmad and Baker, 1 987). 
Rhizosphere competence appears to be a prerequisite for successful biological control of root 
diseases, and failure to adequately colonize roots may explain the lack of reliable biological 
control observed in many studies (Donumbou et aI. , 2002; El-Tarabi ly and Sivasithamparam, 
2006 ; Vinale et al. , 2008). 
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2.9 Actinomycete a plant growth promoter 
In addition to the beneficial effects that occur in direct interactions with plant disease agents, 
many actinomycetes species are also able to colonize root surfaces and cause substantial 
changes in plant metabolism (EI-Tarabily and ivasithamparam 2006). It is wel l  documented 
that some strains promote plant growth increase nutrient avai lability, improve crop production 
and enhance disease resistance (Donumbou et at. , 2002' Vinale et al. , 2008). 
Many biocontrol agents including actinomycetes are not only able to control the pathogens 
that cause plant disease, but are also able to promote plant growth and development (EI­
Tarabily  and ivasithamparam 2006). Rhizosphere isolates of Actinoplanes missouriensis and 
A.  utahen is, have been reported to increase root and shoot weight of soybean in a soil naturally 
infested with Phytophthora megasperma f.sp. glycinea (Filonow and Lockwood, 1 985) .  
Mishra et al. ( 1 987) reported that the culture filtrates of Micromonospora, Nocardia, 
Rhodococcu , and Streptosporangium from plant rhizosphere caused dry-weight increases in 
com, soybeans, cucumbers, tomatoes and sorghum. EI-Tarabily et al. ( 1 996b) reported that the 
application of cellulase-producing M carbonacea in the presence or absence of Phytophthora 
cinnamomi the causal agent of root rot of Banksia grandis, significantly increased both root 
and shoot weights. The application of Streptoverticillium netropsis, Actinomadura rubra, 
Actinoplanes philippinensis, Micromonospora carbonacea and Streptosporangium albidum 
isolated from carrot rhizosphere increased mean root weight of carrot (EI-Tarabily et al. , 1 997). 
Enhancement of plant growth fol lowing inoculation with plant growth promoters can result 
from wide varieties of direct and indirect activities (Glick et al. , 2007). It could be the direct 
action of the introduced isolates in making available soil nutrients for plant growth or by the 
production of plant growth regulators (PGRs) in planta or in the rhizosphere by the introduced 
microorganisms. Indirect effects are those related to the production of metabolites, such as 
antibiotics which increase plant growth by decreasing the activities of pathogens or deleterious 
microorganisms (Glick et al. , 2007) . Plant growth enhancement resulting from increased 
availability of nutrients especially phosphorus was achieved where a rock phosphate­
solubilizing, rhizosphere-competent isolate of Micromonospora endolithica was found to 
increase availabil ity of phosphorus and promote plant growth (EI-Tarabily et al. , 2008). 
Several reports exist detail ing the production of PGRs such as auxins, gibberel lins and 
cytokinins by actinomycetes in vitro, usually in media containing precursors of PGRs such as 
L-tryptophan. Auxins have been reported to be produced by Actinomyces spp. (Kaunat, 1 969), 
Nocardia sp. (Brown, 1 972), Streptomyces spp. (EI-Tarabily et al. , 2003). Gibberellin-l ike 
substances have been reported to be produced by Actinomyces spp. (panosyan et al . ,  1 963) and 
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a ocardia spp. (Katznelson and Cole, 1 965;  Brown 1 972); and Streptomyces spp. (El-
Tarabil} et al. , 2003). Streptomyces griseoluteus has also been sho\\>TI to promote grov.ih of 
bean through the production of polyamines including putrescine, spermidine and spermine 
(Nas ar et aI. , 2003) .  
2 . 1 0  Methods for introdu ction o f  biological control agent 
In biological control strategies involving application of biocontrol agents, the inoculum 
potential and consequently, the host colonization by the pathogen could be affected by the 
amount and activity of a biocontrol agent on and around the plant host (Vinale et al. , 2008). 
The methodology applied in the biocontrol of soil-borne root pathogens varies considerably 
from one disease to another (Vinale et aI. , 2008). General ly the selected antagonistic 
microorganisms may be applied in the fol lowing forms :  
1 - Powder, directly broad-cast on  the soil surface (Elad and Chet, 1 987). 
2 - Suspension for dipping seedling roots (Brammall, 1 986). 
3- Direct mixing ,vith soil (Whipps, 200 1 ;  El-Tarabily, 2006). 
4- Seed dressing or seed coating (Yuan and Carwford, 1 995) .  
5 - orne food substrates such as wheat bran (EI-Tarabily, 2006) have been found to be 
successful as media for the introduction of antagonists to the soi l .  
2 . 1 1 B iological control of soil-borne plant pathogens by actinomycetes 
Many in vitro and in vivo investigations have found that various species of streptomycete 
actinomycetes (Table 1 . 1 )  (Appendix 2) and non-streptomycete actinomycetes (Table 1 .2) 
(Appendix 2) can inhibit soil-borne fungal plant pathogens in vitro and in vivo under 
greenhouse conditions. 
2 . 1 2  Aim of the thesis 
The aim of this thesis was to develop methodology for the biological control of wilt disease of 
tomato caused by F. oxysporum f.sp. lycopersici in the UAE using antagonistic actinomycetes. 
I n  order to achieve this, it was necessary to: 
1 - Isolate and identify the causal agent of tomato wilt disease in the UAE. 
2- Isolate and identify of actinomycetes from tomato rhizosphere. 
3 - Screen all the obtained isolates in vitro for their abilities to inhibit the pathogenic 
fungus through the production of cell-wall degrading enzymes (mainly chitinase and 13- 1 ,3-
glucanases), and volatile and non-volatile diffusible inhibitory compounds. 
4- Study the ability of the most promising antagonistic actinomycetes isolates to produce 
p lant growth regulators (PGRs) (auxins, and polyamines) and to solubilize insoluble forms of 
phosphorus. 
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5- Inhibit the growth of F. oxysporurn fsp.  lycopersici and to promote tomato grov ..th 
under greenhouse conditions (In vivo experiments). 
6- Impro e the performance of the selected bio-control and plant-growth promoting 
actinomycetes isolates through the application of seaweed extract as a soil organic amendment. 
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CHAPTER 3 
MATERIALS & 
METHODS 
C H A PT E R  3 :  MAT E RI A L S  A N D  M ET H ODS 
3. 1  MAT E RI A L S  
1 - l\tledia :  The foUowiog media were used in the pre ent tudy. The  compo inoo of  the 
media i Ii ted in appendix 1 .  
1 - Potato dextrose agar (PDA) 
2- abouraud s agar ( ) 
3 - Inorganic salt-starch agar (starch nitrate agar) (S A) 
4- Oat-meal yeast extract agar (OMYEA) (Kuster, 1 959) 
5- Colloidal chitin agar (Gupta et al. 1 995) 
6- Hus ein's fish-meal extract agar (HFMEA) (EI-Tarabily et al. , 1 997) 
7- Minimal synthetic medium (MSM) (Tweddell et aI. , 1 994) 
8- Potato dextrose broth (PDB) 
9- Carbon-deficient salt solution (Sneh, 1 98 1 )  
1 0- Modified chrome azurol agar (CSA agar) (Alexander and Zuberer, 1 99 1 )  
1 1 - Glucose peptone broth (GPB) (di Menna, 1 957) 
1 2- Moeller's decarboxylase agar medium (MDAM) (Arena and Manca de Nadra, 200 1 )  
1 3- Potato dextrose yeast-extract agar (PDY A pH 7.0) (Katzne1son and Bose, 1 959) 
1 4- Louw and Webley ( 1 959) agar medium 
1 5- Glucose nitrate (Kuster 1 959) 
1 6- Basal medium (Kuster, 1 959) 
1 7- Glycerol asparagine agar (pridham and Lyons, 1 96 1 )  
1 8- Tyrosine agar (Shirling and Gottlieb, 1 966) 
1 9- Peptone-yeast extract iron agar (Tresner and Danga, 1 95 8) 
20- Nutrient agar 
2 1 - Yeast extract malt-extract agar (YEMEA). (Pridham et aI. , 1 957) 
22- Gelatin l iquefaction medium (Nonomura, 1 989) 
23- Hutchinson medium (Hutchinson and Clayton, 1 9 1 9) 
24- H2S production medium (Kuster and Will iams, 1 964) 
25- Pectic enzymes medium (Hankin et aI. , 1 97 1 )  
26- Nitrate reduction medium (Bacto-nitrate broth) (Gordon and Mihm, 1 957) 
27- Nutrient broth 
28- Tryptone agar (Goodfellow et ai. , 1 979) 
29- Urease broth (Rustigan and Stuart, 1 94 1 )  
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30- Carbon utilization agar basal medium ( hirling and Gottlieb, 1 966) 
3 1 - itrogen util ization agar basal medium (Williams et af. , 1 983) 
32- Yeast extract-dextrose broth (Waksman, 1 950). 
3 3 - Water agar. 
I I - oil ample : Field soil known to contain the causal agent of wilt disease of tomato (five 
samples) \ as collected from a farm at Al-Ain city (Fig. 1 ), 1 40 km east of Abu-Dhabi, United 
Arab Emirates (U E). 
1 1 1 - Plant material :  Tomato seeds (Lycopers;con esculentum L. cv. Pakmor, supplied by 
Bakker Brothers, oord-Scharwoude the etherlands) were used. 
IV- ea","'eed extract (Seamix-12 ,  Folival, S.L., 46002, Valencia, Spain) 
Seamix- 1 2  ( 1 00% water soluble) prepared from the brown alga (Ascophylum nodosum). This 
liquid fertilizer consisted of: 
eaweed extract 
Iron complexed (Fe) 
Manganese complexed (Mn) 
Zinc complexed (Zn) 
Proteic hydrolixated as complexant 
1 2% w/w 
l % w/w 
0.5% w/w 
0.5% w/w 
8% w/w 
Total humic extract 1 3% w/w 
V- I norganic l iquid fertil izer: (Thrive®) (Arthur Yates & Co Limited, Milperra, NSW, 
Australia). 
VI- Fungicde: Prochloraz (Syngenta, Basel, Switzerland). 
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3.2 M ET H O D S  
3.2. 1 o i l  ample 
Field soil  known to contain the causal agent of wilt disease of tomato (five samples) was 
collected from a farm at I-Ain city (Fig. 1 )  1 40 km east of Abu-Dhabi, United Arab Emirates 
(UAE). The light yellowish brown sandy loamy soil were mixed to ensure uniformity, passed 
through a l -cm mesh sieve to remo e debris and stored in plastic bags in the greenhouse at 28 
± 5°C until use. 
oil pH was measured in a mixture of one part soil to five parts 0 .01  M CaCh, and 
saturation paste extracts were used to measure electrical conductivity (Rayment and Higginson, 
1 992). oIuble cations in the saturation paste extracts were extracted as described by Carter 
( 1 986) and measured by inductively coupled plasma atomic emission spectrometry (ICP AES) 
as described by Zarcinas et al. ( 1 987). Organic carbon; available phosphorus and potassium;  
extractable sulfur; ammonium and nitrate nitrogen and reactive iron were measured as 
described by Walkely and Black ( 1 934), Colwell ( 1 965), Blair et al. ( 1 99 1 ), Searle ( 1 984), and 
Tarnm ( 1 922), respectively. 
3.2.2 Plant material 
In all the experiments in the present thesis, healthy tomato seeds were surface sterilized by 
soaking in 70% ethyl alcohol (Sigma Chemical Co, St. Louis, USA) for 4 min followed by 
immersion in 1 .05 % aOCI (20% household bleach, i .e . ,  Clorox) for 4 min. Surface sterilized 
seeds were then washed ten times with steri le distil led water, and were air-dried in a laminar 
flow-cabinet for 25 min before use. 
3.2.3 Pathogen 
The pathogen was isolated from naturally infected tomato roots collected from the same farm 
described above. The roots were surface sterilized by immersion in 70% ethyl alcohol (Sigma) 
for 2 min followed by immersion in 1 .05% NaOCI for 2 min before being washed five times 
with sterile distilled water. Roots were placed on dry filter paper and were air dried in a 
laminar flow-cabinet for 1 0  min. 
Surface steri l ized roots were then cut into small pieces using sterile scalpel and plated onto 
potato-dextrose agar (PDA) (Gibco, BRL, UK) amended with 250 Ilg mL-
1 chloramphenicol 
(Sigma) and incubated in the dark at 28 ± 2°C for 8 days. Cultures were examined daily for 
fungal growth. Pure cultures were maintained on PDA and Sabouraud's  agar slants and stored 
at 4°C. The identification was carried out by the Centraalbureau voor Schimmelcultures, Delft, 
The Netherlands and it was identified as F. oxysporum f.sp. lycopersici. 
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3.2.4 I olation of actinomycetes from tomato rhizo phere oil  ample 
Free-draining pots (20 crn diameter) were filled with 7 kg of air-dried field soil collected from 
the same farm described above. The soil was amended with 200 mL par 1 of seaweed extract 
( earnix- 1 2  Folival , S .L. 46002, Valencia Spain) at the manufacturer's recommended rate (20 
mL seaweed extract L -1 water) every 1 0  days for one month. In between the seaweed extract 
appl ication, the soil was watered every 4 days. After one month of soil amendment, surface 
teri l ized seeds were sown in the seaweed-extract-anlended soi l .  There were 5 replicate pots 
v.ith 6 seeds paC 1 .  After sowing, two further applications of seaweed extract (at 0 and 1 5  
days) were made. After 30  days, tomato rhizosphere samples were collected by removing the 
roots and shaking the adhering soil s into plastic bags. In the laboratory, rhizosphere soil 
sample from each pot were bulked and mixed to ensure uniformity, passed through a l -cm 
mesh sieve to remove root fragments and were maintained in plastic bags at 5°C before the 
isolation of actinomycetes. The water content of the soil was determined after drying the soil 
for 48 h at 1 05°C and was expressed on an oven-dry weight basis. 
For the isolation of actinomycetes, the rhizosphere soils (5 samples) were air dried for 4 
days at 28 ± 2°C to reduce the numbers of viable vegetative bacterial cells (Williams et al. , 
1 972). Actinomycetes were then isolated and estimated using the soi l  dilution plate method 
(Johnson and Curl 1 972) using the inorganic salt-starch nitrate agar (SNA) (Kuster, 1 959) 
plates (with specific soil pre-treatments (Hayakawa and Nonomura, 1 987) .  SNA was amended 
v.rith the two antifungal antibiotics  cycloheximide (50 jlg mL - 1 ) (Sigma) and nystatin (50 jlg 
mL - 1 ) (Sigma) (Wil liams and Davies, 1 965). The SNA was cooled to 45°C before the 
antib iotics were added just before pouring the plates. 
In the soil pre-treatments, rhizosphere soil samples ( 1 0  g) were added to Erlenmeyer flasks 
containing 1 00 mL of sterilized yeast extract (YE) (Sigma), and sodium dodecyl sulfate (SDS) 
(Sigma) solution (YE 6% + SDS 0.05 %) prepared using distilled water and the flasks were 
kept at 40°C . After 20 min, the soil suspension was then shaken on a rotary shaker (Model 
G76, New Brunswick Scientific, Edison, NJ, USA) at 250 rpm for 30 min at 28 ± 2°C. Ten-
fold dilutions ( 1 0-2 - 1 0-6) were made with sterile distil led water and 0.2 mL aliquots were 
spread with a sterile hockey shape glass rod over the surface of SNA in sterile plastic, 9-cm 
diameter Petri-plates. Four plates were used per dilution, and the plates were dried in a laminar 
flow-cabinet for 1 5  min before incubation at 28 ± 2°C in the dark for 1 0  days. 
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YE and D were added in the soil-pretreatments to increase and decrease the numbers of 
actinomycetes and bacteria, respectively onomura and Hayakawa, 1 988). This method 
allows the growth of large numbers of soil actinomycetes and l imits the grov.th of soil bacteria 
(Hayakawa and onomura, 1 987). Actinomycete colonies were counted and were expressed as 
colony forming units (cfu) g dry-1  soil .  
1 1  colonies were transferred onto oatmeal agar plates supplemented with 0. 1 %  yeast 
extract (OMYEA) (Williams and Wellington, 1 982), and stored in 20% glycerol 
(cryoprotectant) at -20°C (Wellington and Williams, 1 978).  All actinomycete isolates were 
tentatively identified and grouped to the genus level on the basis of their cultural 
characteristics standard morphological criteria and according to the presence or absence of 
aerial mycelium (Cross, 1 989). 
3.2.5 Qualitative determination of chitinase production by actinomycete isolates 
The aim of this experiment was to screen all actinomycete isolates from tomato rhizosphere 
soi ls  for their capacity to produce chitinase on col loidal chitin agar (CCA) (Gupta et al. 1 995). 
Colloidal chitin was prepared from crab shel l  chitin (Sigma) (Hsu and Lockwood, 1 975). Five­
days-old isolates grown on OMYEA were inoculated onto CCA and incubated at 28 ± 2°C in 
the dark for 7 days until zones of chitin clearing were seen around and beneath the colonies. 
C lear zone diameters were measured in mm and were used as an indicator of chitinase activity. 
Large diameters (>40 mm, i .e. high activity) and small diameters « 40 mm, i .e . ,  low activity). 
There were five replicate plates for each isolate. 
3.2.6 I n hibit ion of F. oxysporum f.sp. lycopersici on CCA 
According to the results obtained from the qualitative test, only the highly active chitinase­
producing isolates (HC) were selected and screened directly to test their ability to inhibit F. 
oxysporum fsp.  lycopersici on CCA plates. 
These HC isolates were streak-inoculated to one side of CCA plates and incubated at 28 ± 
2°C in the dark for 8 days to promote the production and diffusion of chitinase enzymes into 
the medium. Agar disk (5 mm in diameter), placed colonized surface down and containing 
actively growing F. oxysporum fsp .  lycopersici mycelium, was placed onto the opposite side of 
an CCA plate previously inoculated with one of the actinomycetes, and incubated at 28 ± 2°C 
in the dark for additional 5 days. F. oxysporum fsp. Iycopersici mycelial plugs were also 
placed on non-inoculated CCA plates as control .  
Inhibition was recorded when mycelial growth of F. oxysporum fsp. lycopersici in the 
direction of the HC isolate colony was inhibited. The level of inhibition was calculated by 
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subtracting the distance (mm) of the fungal growth radius (YO) of a control culture from the 
distance of growth in the direction of an antagonist colony (y) where I:ly = Yo-Yo The ratings 
used were modified from those of Yuan and Crawford ( 1 995) where; (I:ly > 5 mm = +); (I:ly > 
1 0  mm = ++) .  (I:ly > 20 mm = +++). There were fi e replicate plates for each isolate. 
3.2.7 In vitro antibio i a ay for other inhibitory antifungal metabolite(s) 
Only the (+++) HC isolates, which ga e the best level of inhibition from the prevIOUS 
experiment were also examined for their ability to produce antifungal inhibitory metabolite(s), 
other than chitinase, that may be active against F. oxysporurn fsp. lycopersici. The isolates 
were streak-inoculated to one side of Hussein's fish-meal extract agar plates (HFMEA). 
HFMEA medium was chosen for the in vitro interaction between actinomycetes and F. 
oxysporunz f.sp. lycopersici as it enhances the ability of the actinomycete isolates to produce 
antifungal inhibitory compounds (El-Tarabily et al. , 1 997). The plates were then incubated for 
8 days in the dark at 28 ± 2°C to allow the production and diffusion of metabolites into the 
agar. An agar disk (5 mm in diameter) with actively growing F. oxysporurn fsp. lycopersici 
mycelium was then placed mycelial side down, onto the opposite side of the inoculated plates, 
and the plates were incubated in the dark at 28 ± 2°C for 7 days. F. oxysporum fsp. lycopersici 
mycelial plugs were also placed on non-inoculated HMFEA separately as controls. Inhibition 
was indicated when mycelial growth in the direction of the antagonist colony was retarded. 
There were five repl icate plates for each isolate. 
3.2 .8 Root colonization and rhizosphere competence assays 
The competence of each actinomycete antagonist to colonize the rhizosphere of tomato was 
determined in two parts (i): the indicator root colonization plate assay (Kortemaa et aI. , 1 994), 
and (ii) : the rhizosphere competence assay using the non-sterile sand tube method described by 
Ahmad and Baker ( 1 987) using rifampicin resistant mutants as described by Misaghi and 
Donndelinger ( 1 990). 
3.2 .8 . 1  The indicator root colonization plate assay 
This in vitro plate assay was carried out to indicate whether or not the tomato root exudates 
would support the growth of each actinomycete antagonist. Surface steril ized tomato seeds 
were pre-germinated for 24 h on water agar (20 g agar L- 1 distil led water) before being 
individually transferred onto separate fresh water agar plates. A total of 80 seeded plates were 
prepared with one seed plate- I . Five seeded plates were left as controls without any further 
treatment and the 75 plates were for the 1 5  isolates tested. Five replicate water agar plates were 
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inoculated 'With each actinomycete (one isolate per replicate) which had been grO"\Vll on 
OMYE . A needle was used to transfer colonies from OMYEA agar plates and the inoculum 
was placed 1 -2 rum alongside the emerging radicle (Kortemaa et aI. , 1 994) . The plates were 
incubated in a vertical position at 28 ± 2°C . Root colonization by the selected isolates was 
examined after 8 days. Colonization was recorded as a percentage of the total root length 
(Kortemaa et aI. , 1 994). 
3.2.8.2 canning electron microscopy 
Roots obtained from the root colonization plate assay were fixed with Karowskys fixative (2% 
para-formaldehyde and 2 .5% glutaraldehyde) for 4 h at room temperature. Samples were 
washed with 0.2 M pho phate buffer, pH 7 .2 for 2 h at 4°C and then postfixed in 1 % osmium 
tetroxide for 1 h at 4°C. The samples were washed with disti lled water three times for 5 min 
and then dehydrated with ascending series of ethanol from 30% to 1 00% at 4°C. Once in 1 00% 
ethanol the roots were then dried in a critical-point dryer (Polaron CPD Bell Brook Business 
Park, Bolton Close Uckfield, East Sussex, England) and mounted on carbon tabbed aluminium 
stubs .  The stubs were fixed in the Polaron Sputter Coater Vacuum chamber and were sputtered 
v.ith gold AulPd target for 5 min at 20 rnA (polaron Sputter Coater Bell Brook Business Park, 
Bolton Close Uckfield East Sussex, England) . Samples were then examined using Phillips 
XL-3 0  scanning electron microscope (the Netherlands). 
3.2.8.3 Rhizosphere competence assay 
White Polyvinyl chloride (PVC) water pipe (40 rum in diameter) was cut into 25 cm lengths. 
Each length was cut longitudinally in half, placed together and held in place by adhesive tape. 
The bottom of each tube was plugged with cotton wool, fil led with a sieved (3 -rum) sandy non­
sterile field soil and watered to container capacity. The water contained 1% water-soluble 
fertilizer (Thrive®) (Arthur Yates & Co Limited, Milperra, NSW, Australia) (N :P :K:  27 :  5 . 5 :  
9). The chemical analysis (%) o f  the fertilizer was as follows: N as N03- 3 ,  N as NH4 2.6, N as 
NH2CONH2 2 1 .4, P as water soluble 5 .5 ,  K as KN03 9, Mg as MgS04 0. 1 5, S as S04 0.22, 
Cu as CuS04 0 .005, Zn as ZnS04 0.02, B as Na2B407 0 .005, Mn as MnS04 0.04, Fe as 
chelated Fe 0. 1 8, and Mo as Na2Mo04 0.002. 
Surface steril ized tomato seeds were inoculated by immersion into liquid glycerol 
suspension ( 1  x 1 08 mL - 1 ) of each actinomycete antagonist. Seeds were allowed to dry in a 
laminar flow-cabinet for 1 5  min before sowing. Untreated seeds were used as controls. One 
seed was sown in each tube to a depth of approximately 5 mID and the tubes were randomly 
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placed ( 1 2  per box) ertically into polystyrene boxes which were fil led with field soil and 
watered to container capacity. The soil surrounding the tubes served to maintain maximum soil 
moisture and to reduce changes in the temperature of the tubes over time. 
Approximately 1 cm of each tube protruded abo e the soil surface in each box. Boxes were 
each co ered with transparent plastic bags held upright by a wire frame. 0 more water was 
added after sowing. The boxes were incubated for 3 weeks in a greenhouse and maintained at 
28 ± 5°C. Ten independent replicate plants per actinomycete isolate were used. After two 
weeks, the tubes were opened and the roots removed. Measured from the seed, only the first 1 4  
c m  o f  roots were retained, these were aseptical ly cut into 2-cm segments and sequentially 
numbered from the seed and plated onto SNA plates. 
The balance of roots was discarded. Loose soil particles on the remaining root segments 
were carefully removed with forceps, air-dried for 24 h and were added to sterile water and 
shaken for 1 h. The soil particles were numbered according to the root segments from which 
they were reco ered. Ten-fold dilutions were prepared ( 1 0-2 to 1 0-5) from which a 0.2 mL 
aliquot of each dilution was inoculated onto SNA plates. All plates were incubated in the dark 
at 28  ± 2°C for 7 days. Detection frequencies were assessed along the root length for all root 
segments and for all corresponding soil partic les on which the antagonists could be detected. A 
rhizosphere or root segments was considered to be colonized when the antagonist was detected, 
either on a root segment or in a corresponding rhizosphere soil sample or both. 
3.2.9 Quantitative determination of chitinase and 13-1 ,3-glucanase 
Individual 250 mL Erlenmeyer flasks containing 50 mL of minimal synthetic medium (MSM) 
(Tweddel l  et ai. , 1994) supplemented with either colloidal chitin ( 1 0  g L- I ), or laminarin 
(Sigma) ( 1 0  g L- l ) as substrates were inoculated with 2 mL of 20% glycerol suspension of each 
antagonist ( 1  x 1 08 mL- 1 ) (one isolatelflask) and incubated in a gyratory shaker (Model G76, 
New Brunswick Scientific-Edison, N.J . ,  USA) at 200 rpm for 7 days at 28 ± 2°e. After 
incubation, the suspensions from each flask were centrifuged for 30  min at 1 2000 g. The 
supernatant was filtered through sterile  Mil lipore membranes of pore size 0 .22 �m (Millipore 
Corporation, MA, USA), collected in sterile tubes and was used as a source of crude enzyme. 
Chitinase and £- 1 ,3-glucanase specific activities of each actinomycete antagonist were 
determined according to the method described by Tweddel l  et al. ( 1 994) and modified by Singh 
et al. ( 1 999).  Briefly, chitinase activity was calculated by measuring the release of N-acetyl­
D-glucosarnine (NAGA) from colloidal chitin. The reaction mixture containing 1 mL of 
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culture supernatant from a colloidal chitin amended M M and 1 rnL of col loidal chitin (20 g L-
1 ) in 50  mM sodium acetate buffer at pH 6 .8  and incubated in a water bath for 1 h at 50°C. 
fter boiling for 1 5  min the mixture was centrifuged at 2500 g for 20 min. The concentration 
of AG in the supernatant was determined by the procedure described by Reissig et al. 
( 1 95 5) .  pecific acti ity (U = 1 unit of chitin as e) was defined as the amount of the enzyme that 
released 1 /lmol of AGA mg- 1 protein h- 1 . Eight independent replicates for each isolate were 
used. 
The specific activity of B- 1 J-glucanase was determined by measuring the amount of 
reducing sugars liberated from laminarin using dinitrosalicylic acid (DNS) solution (Miller, 
1 95 9) .  The reaction mixture contained 1 mL of culture supernatant from a laminarin amended 
1SM and 1 mL of laminar in solution (20 g L- 1 ) in 0.2M acetate buffer (PH 5 .4). The mixture 
" as incubated in a water bath at 40°C for 1 h and the reaction was terminated by adding 3 mL 
of D S solution. The colour of the end product was developed by boiling for 1 0  min. 
Reducing sugar concentration was determined by optical density at 530 nm using a scanning 
spectrophotometer (UV-2 1 0 1 /3 1 0 1  PC' Shirnadzu Corporation, Analytical Instruments 
Division, Kyoto, Japan). Glucose was used as the calibration standard. Specific activity (U = 1 
unit of B- 1 ,3 -glucanase) was defined as the amount of the enzyme that released 1 �mol of 
glucose mg- 1 protein h- 1 . Eight independent replicates for each isolate were used. The protein 
content of the enzyme solution was determined by the Folin phenol reagent method (Lowry et 
al. , 1 95 1 ) . 
3.2. 1 0  Effect of crude enzyme p reparations on spore germination, germ tube elongation 
and colony growth of F. oxysporum f.sp. lycopersici 
The effect of the culture filtrate (crude enzyme) of the actinomycete antagonists, on spore 
germination, and germ tube elongation of F. oxysporum f.sp. lycopersici, were conducted in 
potato dextrose broth (PDB) (Lorito et al. , 1 993).  Briefly, the crude enzyme was prepared as 
described above from flasks containing the MSM amended with colloidal chitin. Aliquots (20 
/lL) of the culture filtrate of each antagonist were mixed with 20 /lL of a conidial suspension of 
F. oxysporum f.sp. lycopersici and 60 /lL of PDB (autoclaved crude enzyme was used as a 
control) .  The reaction mixture was incubated at 28 ± 2°C and after 24 h; the percent spore 
germination and average length of germ tubes were microscopically determined and compared 
with that of the control .  Six independent replicates for each isolate were used. 
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The assay for inhibition of colony growth was conducted on PDA as described by Lorito et 
at. ( 1 993) .  Culture filtrate of each antagonist prepared as described above, was mixed with 
PDA at 4SoC (at 1 :  2 ratio) and was poured into Petri plates. Control plates contained 
autoc1aved crude enzyme. The medium was allowed to solidify and was inoculated with a S 
mm diameter agar plug with acti ely growing F. oxysporum fsp. lycopersici mycelium (placed 
colonized surface down) in the center of the plates. The colony growth of F. oxysporum fsp. 
lycopersici was compared with that of the control after S days of incubation at 28 ± 2°C in the 
dark. Six independent replicates for each isolate were used. 
3.2. 1 1  Effects of the actinomycete antagonists on living F. oxysporum j.sp. lycopersici 
hyphae 
F. oxysporum fsp. lycopersici was grown in SO mL of PDB in 2S0-mL Erlenmeyer flasks for 7 
days at 28 ± 2°C in the dark. The culture broth was then removed and the mycelial mats 
aseptically washed fi e times with sterile disti lled water. A carbon-deficient salt solution 
described by Sneh ( 1 98 1 )  was then added to the living mycelium which served as the sole 
carbon source for the actinomycete isolates. After inoculation with each antagonist, the flasks 
were incubated for 7 days at 28 ± 2°C in the dark and were inspected for hyphal lysis. The 
control for these experiments consisted of non-inoculated carbon-deficient salt solution 
containing F. oxysporum fsp. lycopersici mycelium only. At each sampling, a sub-sample of 
F. o>..ysporum fsp.  lycopersici hyphae was stained with lactophenol-cotton blue and any 
subsequent changes in the hypha! morphology were observed microscopically ex 40) using 
light microscope (Olympus BH-2, Olympus Optical Co., Ltd, Tokyo, Japan). Eight independent 
replicates for each isolate were used. 
3.2 . 1 2  D ialysis membrane overlay technique to assay inhibition of F. oxysporum f.sp. 
lycopersici on CCA p lates 
The single thickness dialysis membrane overlay technique (Gibbs, 1 967) was used using CCA. 
The dialysis membrane (Union Carbide Corporation, USA) (80 mm diameter), was boiled in 
0. 1 mM ethylene-diamine-tetra-acetic acid (EDTA) (Sigma), rinsed thoroughly three times with 
sterile water and then autoc1aved in distil led water at 1 2 1 °C for 20 min. The CCA surface was 
allowed to dry for 20 min in a laminar flow cabinet before and after the addition of the 
membrane. The membrane was inoculated with each actinomycete isolate by evenly streaking 
cells and/or spores from a 7 day-old culture of each actinomycete isolate on the whole surface 
of the membrane. Colonies were not spread beyond the membrane margin. There were eight 
independent replicates for each isolate and the plates were incubated at 28 ± 2°C in the dark for 
1 0  days. The membranes with the adhering colonies were subsequently removed from the agar 
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plates and the center of each plate \\'as inoculated with a disc (5 rum in diameter, colonized 
surface down) of F. oxysporum fsp. lycopersici cut from the margin of a 7-days-old culture 
grown on PDA. Plates were incubated in the dark at 28 ± 2°C for 8 days. Eight independent 
replicates for each isolate were used. 
The colony diameter of F. oxysporum fsp. lycopersici was measured after 8 days and 
compared to the diameter of control plates where the pathogen was grown as above, but in the 
absence of the antagonists. If after 8 days of incubation at 28 ± 2°C, the pathogen had not 
grown from the agar plugs, the plugs were removed and placed onto a fresh plate of PDA and 
incubated at 28 ± 2°e for an extra 7 days to determine whether the diffused metabolites were 
fungicidal or fungistatic. Eight independent replicates for each isolate were used. 
3.2. 1 3  Ability of the actinomycete antagonists to produce volatile compounds 
To investigate the abi lity of each actinomycete antagonists to produce growth inhibitory 
volatile compounds, the method described by Payne et al. (2000) was used. HFMEA plates 
were inoculated with spores of each antagonist by evenly streaking cells and/or spores from a 7 
day-old culture of each isolate onto the whole surface of the agar. These cultures were grown 
in the dark at 28 ± 2°C for 1 4  days. At this time, plates of the same medium were inoculated 
v\'lth an actively growing F. oxysporum fsp.  lycopersici mycelial plug (5 mm in diameter) . 
The l ids were removed and the plates containing the pathogen were inverted over the 
antagonist plates. The two plate bases were taped together with a double layer of Parafilm 
(American National Can TM, Greenwich, CT, USA). Control plates were prepared in the same 
way except that a non-inoculated plate was used instead of a plate containing the actinomycete. 
After 7 days of incubation at 28 ± 2°C, the colony diameter of F. oxysporum fsp. lycopersici 
growing in the presence of the actinomycete isolates was measured and compared to that of the 
control .  Eight independent replicates for each isolate were used. 
3.2. 1 4  Production of sideropbores 
Modified chrome azurol agar plates (CSA) were inoculated with each actinomycete isolate and 
the plates were incubated at 28 ± 2°C for 1 0  days in the dark. Actinomycetes exhibiting an 
orange halo were considered positive for the production of siderophores (Alexander and 
Zuberer, 1 99 1 ). Assays were conducted with eight independent replicates for each isolate. 
3.2. 1 5  In vitro screening for indole-3-acetic acid production 
The aim of this experiment was to screen all the four actinomycete antagonists, for their ability 
to produce indole-3-acetic acid (IAA) in glucose peptone broth (GPB) (di Menna, 1 957) 
amended with or without L-Tryptophan (L-TRP) (Sigma). Erlenmeyer flasks ( 1 00 mL) each 
containing 20 mL of steri le GPB were amended with 5 mL of 5 % filter steri lized L-TRP 
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(Mill ipore membranes, pore size 0.22 /lm Millipore Corporation, MA, USA) (Khalid et af. , 
2004). The flasks were inoculated v.ith 2 rnL of each of the actinomycete isolate prepared from 
a 5 -day-old shake GPB culture of approximately 1 x 1 08 CFU rnL-l . The flasks were covered 
with aluminwn foil and incubated on a shaker (Model G76, ew Brunswick Scientific, Edison, 
J U ) at 250 rpm at 28 ± 2°C in the dark for 7 days. 
on-inoculated flasks served as controls. After incubation, the suspension from each flask 
was centrifuged for 30 min at 1 2  000 g. The supernatant was filtered through sterile Millipore 
membranes (pore size 0.22 /lm) and collected in steri le tubes. The culture supernatants (3 mL) 
were pipetted into test tubes and 2 mL of Salkowski reagent (2 rnL of 0.5 M FeCh + 98 rnL 
35% HCI04) were added to it (Gordon and Weber, 1 95 1 ). The tubes containing the mixture 
were left for 30  min for red color development. The intensity of the color was determined by 
optical density at 530  run using a scanning spectrophotometer (UV-2 1 0 1 l3 1 0 1 PC; Shimadzu 
Corporation, Analytical Instruments Division, Kyoto, Japan). Similarly, color was also 
developed in standard solutions of IAA and a standard curve was established and auxin 
compounds were expressed as lAA-equivalents (Gordon and Weber, 1 95 1 ). Eight independent 
replicates of each isolate were analyzed. 
3.2. 1 6  Qual itative determination of polyamine production by actinomycetes 
The aim of this experiment was to screen all the four actinomycete antagonists, for their ability 
to produce arginine decarboxylase and to produce putrescine (put) from its corresponding 
amino acid arginine in a modified Moeller 's  decarboxylase agar medium (MDAM) 
supplemented with 2 g L - 1  of L-arginine-monohydrocWoride (Sigma) (Arena and Manca de 
Nadra, 200 1 ) . Five-days-old isolates grown on OMYEA were streaked in triplicate on MDAM 
plates with or without arginine (control). The plates were incubated at 28 ± 2°C in the dark for 
4 days. Growth of the decarboxylating isolates was detected by the presence of a dark red halo 
around and beneath the actinomycete colonies. 
3.2. 1 7  Qual itative determination of phosphate solubilization 
The aim of this experiment was to screen all the four actinomycete antagonists, for their ability 
to solubilize insoluble calcium phosphate using potato dextrose yeast-extract agar (pDY A pH 
7) amended with freshly precipitated calcium-phosphate (Katznelson and Bose, 1 959). Each 
actinomycete isolate was streaked in triplicate in the centre of a plate and the plates were 
incubated at 28 ± 2°C in the dark for 2 weeks. Clear zone diameters were measured (nun) and 
were used as an indicator of phosphate solubilization. Large diameters (>20 nun) represented 
high activity and smaller diameters represented low activity. Later on, the highly active 
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calciurn-phosphate-solubilizing isolates were further examined for their abilities to solubil ize 
rock phosphate (RP) (30 % P) (Tianj in Crown Champion International Co., Limited, Tianj in, 
China) using Louw and Webley ( 1 959) agar medium. RP was autocla\'ed separately for 20 
min, added at the rate of 4.0 g L- 1 and the final pH was adjusted to 7 .8 .  Each isolate was 
streaked in the centre of the plate and incubated at 28 ± 2°C in the dark for 2 weeks. Eight 
independent replicate plates were used for each isolate . Solubilization of PRP was assessed by 
measuring the diameters of the clear zones. 
3.2 . 1 8  G reenhouse study (In vivo biological control  experiment) 
3.2. 1 8. 1  Preparation of pathogen inoculum 
Mil let (Panicum miliacel.l112 L.) seed-based inoculum was prepared by adding 25 g of seeds to 
40 mL of disti l led water in 250 mL Erlenmeyer flasks. The flasks were autoc1aved at 1 2 1 °C 
for 3 0  min on three consecutive days. Millet seeds were then aseptically inoculated with ten 
agar plugs (6 nun in diameter) from the actively growing margins of F. oxysporum f.sp. 
iycopersici colony and incubated at 28 ± 2°C in the dark for 2 weeks. The flasks were shaken 
daily to ensure uniformity of colonization. Colonized and autoclaved millet seeds served as the 
control. Small amounts of the colonized and control millet seeds were plated onto PDA before 
use to confirm the presence or absence of F. oxysporum f.sp. lycopersici. 
3.2 . 1 8.2 Preparation of actinomycetes inoculum 
The inoculum for each antagonist was prepared by placing 50 g of moist oat bran into 500 mL 
Erlenmeyer flasks and autoc1aved at 1 2 1 °C for 30  min on three successive occasions (Roiger 
and Jeffers. 1 99 1 ). The substrate was aseptically inoculated with a 25 mL suspension (20% 
glycerol) (x 1 08 cfu mL - 1 ), under aseptic conditions of each antagonist and incubated at 28 ± 
2°C in the dark for 3 weeks. The flasks were shaken every two days to ensure uniformity of 
colonization. Colonized oat bran that had been similarly autoclaved served as the control .  
Before use, small amounts of the colonized and control oat bran were suspended in 50 mL of 
steri le distil led water. An aliquot (0.3 mL) of this suspension was spread onto OMYEA plates, 
and incubated in the dark at 28 ± 2°C for 7 days to confirm the presence or absence of the 
antagonists, respectively. 
3.2. 1 8.3 Soil inoculation 
Soil col lected from the same farm described above was used in this experiment. It was air 
dried, and passed through a l -cm mesh sieve before use. 
Oat bran colonized with each actinomycete isolate was thoroughly dispersed in the non­
steri le soil by mixing in a cement mixer (0.5% w/w) (0.5% weight of colonized oat bran-based 
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inoculUm/weight of soil) two weeks before adding the pathogen inoculum and sowing. 
Twenty-seven-cm diameter free-draining plastic pots (65 em in height) were filled v.ith 1 2  kg 
and were watered twice a week to container capacity. After two weeks, for the treatments 
which included the pathogen alone or (the pathogen + antagonists), millet seeds infested v.ith 
F. oxysporum fsp. lycopersici were thoroughly dispersed in the soil (0 .5% w/w) (0.5% weight 
of colonized mil let seeds/weight of soil) by mixing in a cement mixer. 
In total there v,'ere 1 5  pathogen-actinomycete combinations, as follows : 
( 1 )  Control (no pathogen) \\ithout seaweed-extract. 
(2) Control (F. oxysporum fsp. lycopersici alone) without seaweed-extract. 
(3)  F. o.\)'sporurn fsp. lycopersici + Streptomyces # 8 vvithout seaweed-extract . 
(4) F. oxysporum fsp. lycopersici + Streptomyces # 1 1  without seaweed-extract. 
(5) F. oxysporum fsp.  lycopersici + Streptomyces # 42 without seaweed-extract 
(6) F. o:qsporum fsp. lycopersici + Streptomyces # 59 without seaweed-extract. 
(7) F. oA),sporum fsp. lycopersici + Streptomyces # 8 + Streptomyces # 1 1  + Streptomyces # 
42 + Streptomyces # 59 without seaweed-extract. 
(8) Control (no pathogen) with seaweed-extract. 
(9) Control (F. oxysporum fsp.  lycopersici alone) with seaweed-extract. 
( 1 0) F. oxysporum fsp.  lycopersici + Streptomyces # 8 with seaweed-extract. 
( 1 1 )  F. oxysporum fsp. lycopersici + Streptomyces # 1 1  with seaweed-extract. 
( 1 2) F. oxysporum fsp. lycopersici + Streptomyces # 42 with seaweed-extract. 
( 1 3 )  F. oxysporum fsp. lycopersici + Streptomyces # 59 with seaweed-extract. 
( 1 4) F. oxysporum fsp. lycopersici + Streptomyces # 8 + Streptomyces # 1 1  + Streptomyces 
# 42 + Streptomyces # 59 with seaweed-extract. 
( 1 5) F. oxysporum fsp. lycopersici + fungicide treatment (prochloraz) with seaweed-extract. 
Treatments 1 -7 did not receive seaweed extract amendments whilst, treatments 8- 1 4  were 
as for 1 -7 but with seaweed extract amendments (Folival) at the manufacturer's recommended 
rate (3 L seaweed extract ha- 1  soil) every 1 5  days for a period of 8 weeks. Autoclaved infested 
F. oxysporum fsp. lycopersici millet seeds were used for treatments 1 and 8 (controls). Where 
seaweed extract was added, it was incorporated into the soil at the same time as the antagonists 
(two weeks before the addition of the pathogen) and then added at sowing and every 1 5  days 
until harvest time (8 weeks from the start of the experiment). Treatment with Prochloraz 
(Syngenta, Basel, Switzerland) (treatment 1 5), added as pel lets and incorporated into the soil, at 
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the manufacturer's recommended rate v,'as included as a comparison to all treatments which 
invol ved the use of actinomycete antagonists. 
Tomato seeds were surface sterilized as described above. One week after adding the 
pathogen inoculum, surface-sterilized tomato seeds were planted into the pots. The seeds (8 
paC 1 ) were sOVvU to a depth of 0.5 cm and when emergence was complete, the seedlings \vere 
thinned to four poC 1 . Each treatment was independently replicated eight times. The pots were 
placed in an evaporative-cooled greenhouse and maintained at 28 ± 5°C. The free draining pots 
were watered to container capacity and were fertilized with the inorganic liquid fertilizer 
(Thrive®) (Arthur Yates & Co Limited, Milperra, NSW, Australia) at the manufacturer's 
recommended rate. Plant growth was monitored by recording the fresh and dry weights of 
roots and shoots, and lengths of roots and shoots, at the time of harvest (8 weeks after sowing). 
3 .2 . 1 8..4 Disease assessment 
Disease incidence (percentage diseased plants) was used as an assessment tool to study the 
effect of antagonist application on disease performance. 
3.2 . 1 9  Estimation of the total microbial activity 
The microbial activity of the freshly sampled soils for all treatments was determined eight 
weeks (at the end of the greenhouse experiment and at harvest time) using the fluorescein 
diacetate (FDA) hydrolysis technique (Schnurer and Rosswall ,  1 982). Eight independent 
replicates were assayed for each treatment and the results were converted to !-!g hydrolyzed 
FDA g dry soir 1 . 
3.2.20 Identification of actinomycete genera antagonistic to F. oxysporum f.sp. lycopersici 
to species leve l  
Identification of  the actinomycetes to species levels was based solely on characteristics specific 
for each species as presented in Bergey's Manual of Systematic Bacteriology (Williams et al.) 
1 98 9) using cultural, morphological, and physiological characteristics. For the morphological , 
cultural, physiological and nutritional tests described in this section, actinomycetes were 
inoculated onto OMYEA and incubated at 28 ± 2°C for 1 0  days unless otherwise stated. 
Spores and/or mycelial fragments from these plates were used to inoculate solid and liquid 
media used for these tests. 
3.2.20.1  Morphological characteristics 
The four antagonistic and strongest actinomycete isolates finally selected were examined 
morphologically as described by Williams and Davies ( 1 967). Actinomycete isolates were 
grown on OMYEA plates. A number of sterile cover slips were inserted at 45° angle 
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immediately after inoculation of the plates with the actinomycete. After incubation in the dark 
for 1 4  days, cover slips colonized by the actinomycetes were carefully \" ithdrav.n from the 
plates, air dried for 30  min, mounted on a glass slide (upper surface do\"n) and examined \vith 
low- and high-power objectives. The formation of aerial hyphae and fragmentation of either 
the aerial or substrate mycelia were recorded. Micrographs were produced using an Olympus 
BH-2 microscope (Olympus BH-2, Olympus Optical Co., Ltd, Tokyo, Japan). 
3.2.20.2 Electron-microscopy of spores 
A Phillips C f l O  Transmission Electron Microscope (5600 MD, Eindhoverd, the etherlands) 
at 80  KV was used for the examination of spores by the method of Tresner et at. ( 1 96 1 ) . This 
method involved gently pressing electron microscope specimen grids coated with formvar to 
the sporulating surface of cultures grown on OMYEA. Spore chains which adhered to the 
coated surfaces of the grids were observed and photographed without fixing or shadowing. 
3.2.20.3 Cultural characteristics and pigmentation 
The type and intensity of growth, color of aerial and substrate mycelia and the reverse color of 
media, were determined for the four actinomycete isolates using the seven color wheels of 
Tresner and Bac�'Us ( 1 963).  These were determined on 7 and 2 1  day old cultures grown on 
SNA, glycerol asparagine agar (GAA) (pridham and Lyons, 1 96 1 ), OMYEA, yeast-extract 
malt-extract agar (YEMA) (pridham et al. , 1 957) and Hussein' s  fish-meal extract agar 
(HF!\fEA) and incubated at 28°C in the dark. The pH sensitivity of the substrate mycelium and 
diffusible pigments was assessed by noting any color changes induced by the addition of acid 
or alkali (Shirling and Gottlieb, 1 966). Production of melanin pigments was determined after 
4 days incubation in the dark on peptone-yeast-extract iron agar (Tresner and Danga, 1 958) and 
tyrosine agar (Shirling and Gottlieb, 1 966). 
3.2.20.4 Physiological characteristics 
The fol lo\\1ng physiological characteristics were characterized for the four antagonistic 
Streptomyces spp. 
3.2.20.4 . 1  Util ization of carbon sources 
The ability of the actinomycete isolates to assimilate a range of carbon sources was examined 
by inoculating them onto a basal agar medium containing one of the fol lowing carbon sources; 
L-arabinose, raffinose, sucrose, D-xylose, meso-inositol, mannitol, maltose, D-fructose, L­
rhamnose, D-mannose, D-ribose, D-Iactose, inulin, salicin, trehalose, dextran, D-galactose, 
cellobiose, adonitol, xylitol, sodium acetate, sodium propionate, sodium citrate, sodium 
malonate and sodium pyruvate (Shirling and Gottlieb, 1 966). All carbon sources were 
purchased from S igma. 
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Each carbon source was added at 1 .0% (w/v) \\1th the exception of sodium acetate. sodium 
propionate, sodium citrate sodium malonate and sodium pyruvate, which were added at 0. 1 % 
(w/v). The carbon compounds were sterilized by filtration through sterile 0.22 11m 1ill ipore 
membrane filters (Mill ipore) and added to the basal medium after autoclaving and cooling to 
50°C. Results were recorded after 7 and 2 1  days incubation in the dark by comparing grov.th 
intensity with that on un-supplemented basal agar medium (negative control) and on a positive 
control containing 1 % D-glucose. A positive result was recorded when gro\\.rth was greater 
than that on the negative control . 
3.2.20A.2 Utilization of nitrogen sources 
The abi lity of the four actinomycete isolates to utilize a range of nitrogen sources (0 . 1  % w/v) 
was examined by inoculating a spore suspension onto a nitrogen utilization agar basal medium 
(Williams el af. , 1 983)  containing one of the following nitrogen sources; DL-amino-n-butyric 
acid, potassium nitrate, L-cysteine, L-valine, L-threonine, L-serine, L-phenylalanine, L­
methionine, L-histidine, L-arginine and L-hydroxy proline. Gro\\.th was measured after 7 and 
1 5  days at 28°e in the dark by comparing test plates on each source with that on the un­
supplemented basal medium (negative control) and on a basal medium containing L-asparagine 
(positive control) .  A positive result was recorded when growth was greater than that in the 
negative control .  All nitrogen sources used were purchased from Sigma. 
3.2.20.4.3 Tolerance to different concentrations of various inhibitors 
Different concentrations of sodium chloride (0, 0 .5 ,  5 ,  1 0  or 1 5% w/v), sodium azide (0 .0 1  or 
0.02% w/v) , phenol (0. 1 % w/v) , potassium tellurite (0.0 1 or 0.00 1 %  w/v) , thallous acetate 
(0.0 1 or 0 .00 1 % w/v), and crystal violet (0.000 1 % w/v), were used and incorporated into SNA 
(\Vil l iams et al. , 1 983) .  Actinomycete growth was recorded after 7 and 1 4  days incubation. 
Grov"ih in the presence of chemical inhibitors at one or more concentrations was recorded as 
positive when it was greater than that in the un-supplemented negative control .  
3.2.2004.4 Temperature sensitivity 
Temperature sensitivity was tested on SNA. Inoculated plates were incubated at 4, 1 0, 28 37, 
45 or 52°e in the dark. Growth of each isolate was recorded after 7, 14 and 28 days. Growth of 
the actinomycetes at any of these temperatures indicated a positive result. 
3.2.20.5 Production of enzymes 
( 1 )  Production of l ipase enzymes 
One mL of corn oil was added to 3 rnL of glucose nitrate broth (Kuster, 1 959) in which the oil 
replaced the carbon source (glucose). The tubes were inoculated with each actinomycete 
isolate and incubated in the dark for 2 weeks. Growth of each isolate as well  as the 
42 
disappearance of oil droplets indicated the production of the enzyme \vhich was recorded as a 
positive result. 
(2) Prod uction of keratina e enzymes 
mall pieces of \vashed fine chicken feathers were added to the starch nitrate broth (S"NB) in 
which the feathers replaced starch and potassium nitrate (carbon and nitrogen source, 
respecti\'ely). The feather pieces were inoculated \\'ith each isolate and incubated in the dark 
for 2 weeks. GrO\vth of each isolate and pigment production of the actinomycete isolates on 
the feathers indicated a positive result. 
(3) Production of cellulase enzymes 
Strips (20 X 1 00 mm) of Whatman No. 1 filter paper (Whatman, Maidstone, England) in 1 0  
mL of Hutchinson liquid medium (Hutchinson and Clayton, 1 9 1 9) in 25 mL McCartney vials 
were inoculated with each isolate. Inoculation was carried out by transferring a loop of spore 
suspension to the surface of the filter paper, as close as possible to the level of the liquid 
medium. After 1 5  and 3 0  days of incubation in the dark, the filter strips were examined. The 
maceration of paper revealed cellulolytic activities. Pigmentation on the cellulose filter paper 
was also recorded (Hutchinson and Clayton, 1 9 1 9) .  
(4)  Production of pectinase or  pectic enzymes 
A solid medium for the detection of pectinolytic activity was based on that of Hankin et al. 
( 1 97 1 ). Actinomycete isolates were streak inoculated onto the agar medium and the 
pectinolytic activity was determined after 4-6 days incubation in the dark by flooding the 
culture surface for at least 4 h with a 1 % (w/v) aqueous solution of 
hexadecyltrimethylarnmonium bromide (Sigma). This reagent precipitates undegraded pectin, 
leaying a clear zone around colonies with pectinolytic activity. 
(5) Production of n itrate reductase enzymes 
SLX tubes of Bacto nitrate broth (Gordon and Mihm, 1 957) were inoculated with 0.2 mL of 
spore suspension for each actinomycete isolate. The tubes were shaken vigorously and 
incubated in the dark. After 7, 1 4  and 2 1  days duplicate tubes were removed and tested, along 
with uninoculated control tubes, for the presence of nitrite. One mL of sulfanilic acid (Sigma) 
was added to the contents of each tube and mixed, then 1 mL of dimethyl l -alpha­
naphthylarnine (Sigma) was added to each tube and mixed. The appearance of a distinct pink 
or red color indicated the reduction of nitrate. Broths which showed a negative nitrite test were 
then tested for the presence or absence of residual nitrate. This was done by adding a small 
amount of zinc dust to the tube to which the reagents have been added then allowed to stand for 
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few minutes. The appearance of a characteristic pink or red color would indicate that nitrate 
was not reduced (Gordon and iihm, 1 957) .  
(6) Hyd rogen ulphide production 
Fi lter paper strips (20 X 1 00 rum) moistened \'lith lead acetate ,\vere inserted into the necks of 
25 mL McCartney vials containing 1 5  mL of nutrient broth supplemented with 0.2% potassium 
nitrate. The tubes \vere inoculated with spore suspension of each isolate and examined for the 
appearance of a black color after 7 and 1 4  days at 28°C in the dark (Kuster and Williams, 
1 964). The black color indicated that hydrogen SUlphide was produced. 
( 7) Coagulation and peptonization of milk 
Test tubes containing sterile skimmed milk (5 mL tube- I ) were inoculated with the test isolates 
and examined after 2, 5 ,  7 and 1 4  days for coagulation and subsequent liquefaction of milk 
(\Vil liams et aI. , 1 983) .  
(8) Production of chitinolytic enzymes 
These were recorded from 7 and 2 1  day-old cultures of each organism grown on CCA by the 
appearance of clearing zones. Growth intensity was recorded visually by comparing plates of 
each isolate. Positive colonies have a clear zone around them (Williams et at. , 1 983). 
3.2.20.6 Degradation of complex insoluble compounds 
The degradation of adenine (Sigma), tyrosine (Sigma) (0 .5% w/v), hypoxanthine (Sigma), 
xanthine (Sigma) (0.4% w/v) , elastin (Sigma) (0.3%), casein (Sigma) and glycogen (Sigma) 
( 1  %), testosterone (Sigma) (0. 1 %  w/v) and guanine (Sigma) (0.05% w/v) , was detected on 
SNA in which the complex insoluble compounds replaced starch and potassium nitrate. 
C learing of the insoluble compounds around and under each colony growth was scored as 
positive result. 
3.2.20.7 Degradation of other compounds 
Gelatin (0.4% w/v) (Sigma) and starch (Sigma) ( 1 . 0% w/v) degradation were detected on the 
same agar medium used for degradation of insoluble complex compounds. After 7 days, the 
cultures were flooded with acidified HgCh solution (Sigma) (Frazier, 1 926) and iodine solution 
(0. 1 3  g of iodine and 0.3 g of KI in 1 00 mL of distilled water) (Cowan, 1 974) respectively, and 
scoring cleared zones as positive. 
The degradation of DNA (Sigma) (0.2% w/v), and RNA (Sigma) (0.3% w/v) were observed 
using the Bacto DNase test agar (Difco) and tryptone agar, respectively. In each case, 7-day­
old colonies were flooded with 1 M HCI and the presence of a clear zone was recorded as 
positive (Goodfellow et ai. , 1 979). The degradation of aesculin (Sigma) (0 . 1 %) and arbutin 
(Sigma) (0. 1 %) were determined by the method of Kutzner ( 1 976) using a medium containing 
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yeast extract 3 g ferric ammonium citrate 0 .5 g and agar 7 .5  g per 1 l itre of distilled v'ater. 
Tubes \vere examined after 7, 1 4  and 2 1  days after inoculation and incubation in the dark. A 
positive result v·;a recorded \\'hen the test medium turned black. 
The degradation of Tween 80 (Sigma) ( 1  % w/v) , was tested on a nutrient agar medium 
supplemented with Tween 80. After inoculation and incubation in the dark for 7 and 1 4  days 
growth and opacity of the tubes were examined. 
The degradation of urea (0.4% w/v) was recorded after 7 and 1 4  days using the method of 
(Gordon, 1 967). Briefly, 1 0  mL of a 1 5% (w/v) solution of urea sterilized by filtration, was 
added to 75 mL of steri le urease broth (Rustigan and Stuart, 1 94 1 ) . The mixture was pipetted 
aseptically into sterile tubes and inoculated with actively growing cultures. An alkaline 
reaction after incubation demonstrated decomposition of urea. 
The degradation of allantoin was determined in 3 mL of Rustigan and Stuart's broth 
(Rustigan and Stuart, 1 94 1 )  and 0.0 1 of allantoin (Sigma), autoc1aved and inoculated with 
spores from actively growing cultures. Decomposition of allantoin was indicated by an 
alkaline reaction after 1 4  days at 28°C (Gordon, 1 967). 
3.2.20.8 Anti-microbial activity 
The antimicrobial activities of the four actinomycete isolates were tested against a range of test­
organisms which included: 
(i) Gram-negative bacteria: Escherichia coli and Pseudomonas jluorescens. 
(ii) Gram-positive bacteria: Staphylococcus aureus, Bacillus subtilis and A1icrococcus luteus. 
(ii i) Yeast fungi : Candida albicans and Saccharomyces cerevisiae. 
(iv) Mould fungi : Pythium aphanidermafum, Aspergillus niger and Rhi;:;octoma solani. 
For bacteria and yeast antagonism, the actinomycete isolates were grown for 6 days on 
HFMEA in the dark after which agar blocks of the cultures (7 mm in diameter) were transferred 
to the surface of agar plates, freshly seeded with the test organism (Hasegawa et al. , 1 990). 
The width of inhibition zones arow1d the test colonies were measured after 24 h for the bacteria 
and yeasts. Bacteria were cultivated on nutrient agar, yeast fungi on yeast extract malt-extract 
agar (YEMEA). 
For fungal antagonism, the actinomycete isolates were streak-inoculated to one side of HFMEA 
as described above. 
3.2.20.9 Res istance to antibiotics 
The resistance of the four actinomycete isolates to 1 0  antibiotics was tested using the filter 
paper disc method of Goodfellow and Orchard ( 1 974). Briefly, sterile Whatman No. 1 filter 
paper discs (3 rnm in diameter) were soaked in solutions of the fol lowing antibiotics; 
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gentamycin sulphate ( igma) ( l 00 f!g mL"I )" neomycin sulphate (Sigma) (50 f!g mL" I )" 
streptomycin sulphate ( igma) ( 1 00 f!g mL"\) ,  rifampicin (Merrell Dow, .S .W., Australia) (50 
f!g mL-1 ), cephaloridine (Sigma) ( 1 00 f!g rnL"l), tetracycline hydrochloride (Sigma) (500 f!g 
mL- 1 ), oleandomycin ( igma) (100 f!g mL-1 ) penicillin G (Sodium salt, Instituto Biochimico 
Italiano, Milano, Italy) (10 i .u  mL" I ), and vancomycin hydrochloride (David Bull Laboratories 
Pty Ltd, Melbourne Australia) (50 f!g rnL"l) .  
The discs were placed over the surface of S A plates, freshly inoculated with the isolates. 
Plates were examined for inhibition zones after 4 days incubation in the dark. 
3.2.2 1 Statistical analysis 
A randomized complete block design was used and analysis of variance was carried out using 
SuperarlOva@ (Abacus Concepts, Inc . ,  Berkeley, California, USA) to evaluate the effect of the 
antagonists on the development of root rot and wilt disease of tomato in the greenhouse study. 
Percentage data (disease incidence) was arcsine transformed before analysis of variance was 
carried out. Significant differences between means were determined by Fisher' s Protected LSD 
Test at P = 0.05. Analysis of variance was also carried out to evaluate the effect of each 
antagonist against the pathogen relative to the production of antifungal metabolites. 
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CHAPTER 4 
RESULTS 
C H A PT E R  4 :  R E S U LTS 
4. 1  oi l  analy i 
The chemical characteristics of the soil used in the greenhouse study were analyzed and are 
listed in Table 4 . l .  
4.2 Pathogen 
Culture of F oxysporum f.sp. /ycopersici on PDA was at first white, becoming pink in the 
reverse, with dark pinkish white aerial myceliwn (Fig. 2a). Culture of F oxysporwn f.sp. 
lycopersici on Sabouraud' s  agar was at first white, becoming yellowish pink in the reverse, 
with light purplish v,,·hite aerial mycelium (Fig. 2b) . The intensity of aerial myceliwn was 
greater on Sabouraud's  agar than on PDA (Figs . 2 a and 2 b). Mycelia of F oxysporum f.sp. 
lycopersici are delicate white to pink, often with a purple tinge. Conidiophores developed from 
the aerial mycelium. Micro-conidia are borne on simple phialides (Fig. 3 a) arising laterally 
and are abundant. 1icro-conidia are oval , straight to curved, 5 - 1 0  X 2. 1 -3 . 1  J..I.m and non­
septate or with one septum (Fig. 3 b). Macro-conidia are borne on branched conidiophores and 
are thin walled, with two to five septa, fusoid and pointed at both ends (25 -45 X 3-5 J..I.m) (Fig. 
4). Chlan1ydospores are smooth and are formed terminally or intercalary on the myceliwn (Fig. 
5) .  
4.3 I solation of actinomycetes from tomato rhizosphere soi l  
The populations of actinomycetes in the tomato rhizosphere were found to be 77.63 x 1 05 (SE 
= 3 . 1 5) cfu g dry soir 1 . Eighty-seven actinomycete isolates (65 and 22 streptomycete and non­
streptomycete actinomycetes, respectively) (Figs. 6 a, and 6 b) were isolated from the 
rhizosphere. Differentiation between streptomycete and non-streptomycete actinomycete 
colonies was based on cultural and morphological criteria and according to the presence or 
absence of aerial mycelium (Figs. 6 a, and 6 b). 
4.4 QualitatiYe determination of chitinase production by actinomycete isolates 
Out of the 87 isolates, only 3 1  isolates (25 streptomycete and 6 non-streptomycete 
actinomycetes) were ranked as HC isolates and chosen for further study. These isolates 
produced large c lear zones (>40 mm) on CCA (Figs. 7 a, and 7 b). The remaining isolates 
either produced no chitinase or produced small amounts of chitinase (clear zones <40 mm on 
CCA) and were not included in subsequent studies. 
4.5 Inhibition of F. oxysporum f.sp. lycopersici on CCA 
Out of the 3 1  HC isolates, the most inhibitory 1 9  isolates ( 1 5  streptomycete and 4 non­
streptomycete actinomycetes) were chosen for further in vitro and in vivo studies. These 
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isolates gave an inhibition of F. oxysporum f.sp. lycopersici on CCA (/:::.y = 42 rum) (Fig. 8). 
Whi lst the other 12 HC isolates gave low levels of inhibition (/:::.y = 30-40 rnrn) or gave no 
inhibition against F. oxysporum fsp.  lycopersici. 
4.6 III vitro antibiosis as ay for other inhibitory antifungal metabolite(s) 
On HFMEA. only 1 5  isolates ( 1 3  streptomycete and 2 non-streptomycete actinomycetes) out of 
the 1 9  tested isolates produced diffusible inhibitory compounds active against F. ox),sporum 
fsp. lycopersici and were chosen for further in vitro and in vivo studies. The growth of the 
pathogen was retarded by the diffused metabolites (other than chitinase) which were produced 
by the antagonistic actinomycetes (Figs. 9 a, b, and 1 0). 
4.7 Root colonization and rhizosphere competence assays 
Based on the results of the previous experiments, only the 1 5  most highly active anatgonistic 
isolates ( 1 3 streptomycete and 2 non-streptomycete actinomycetes) which produced chitinase, 
and inhibited the growth of F. o:xysporum fsp. lycopersici through the production of diffusible 
inhibitory compounds were selected to test their abil ities to colonize tomato roots. 
4.7 .1  The indicator root colonization plate assay 
Eight of the antagonistic actinomycetes isolates completely failed to colonize tomato roots in 
the root colonization plate assay 8 days after radicle emergence and subsequently were not 
included in further studies. The remaining seven isolates (6 streptomycete and 1 non­
streptomycete actinomycetes) (# 8, 1 1 , 3 1  3 5 ,  42, 55 and 59) colonized tomato roots with 
different degrees. Streptomyces isolates # ( 1 1 ,  42 and 59) and Micromonospora isolate # 3 1  
colonized 1 00% of roots by 6 days after radicle emergence (Fig. 1 1 ), whilst Streptomyces 
isolates # (8, 3 5  and 55)  colonized 85,  80 and 70% of roots 7 days after radicle emergence, 
respectively. 
4.7.2 Scanning electron microscopy 
Scanning electron microscopy of 8-days-old tomato roots colonized with Streptomyces i solates 
showed the presence of extensive mycelia and chains of spores (Figs. 1 2  and 1 3).  
4.7.3 Rhizosphere competence assay 
Root-colonization abilities of the seven isolates tested (# 8, 1 1 , 3 1 , 35 , 42, 55,  and 59) showed 
that roots, and soil particles attached to roots of 2 1 -day-old tomato seedlings were colonized to 
different degrees by the isolates (Fig. 1 4) (Tables 4.2 and 4 .3) .  Population densities also 
showed that the isolates were found in the rhizosphere at all depths of the roots, but population 
densities were significantly (P<0.05) greater in the first 6 cm of the root system compared to 
other root depths (Tables 4 .2 and 4.3) .  Only four isolates (Streptomyces isolates # 8, 1 1 , 42, 
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and 59) which completely colonized the roots up to 1 4  em depth in the rhizosphere competence 
assay (Tables 4.2 and 4.3) were chosen for all further experiments described below. 
Colonization frequency of the root segments and the rhizosphere soi l  was greater in plants 
treated with Streptomyces isolate # 42 and Streptomyces isolate # 59 fol lowed by Streptomyces 
isolate # 1 1  and then Streptomyces isolate # 8 (Table 4.2 and 4.3) .  
4.8 Quantitative determination of chitinase and fi-l ,3-glucanase 
The four antagonistic Streptomyces spp. (isolate # 8, 1 1 , 42, and 59) grew well  on the MSM 
containing colloidal chitin, and lan1inarin. Their chitinase specific activities were 5 .5 1 ,  5 . 1 2, 
4 .08 and 3 .68 U, \vhilst the 13- 1 -3 glucanase specific activities were 0 .67 ,  0 .88,  0.49 and 0 .38 
U, respectively (Table 4 .5) .  
4.9 Effect of crude enzyme  preparations on spore germination, germ tube elongation and 
colony growth of F. oxysporum f.sp. lycopersici 
The percent germination of macroconidia and average length of germ tubes produced by F. 
oxysporum fsp. lycopersici was significantly decreased (P<0.05) in the presence of crude 
enzyme preparations of the four antagonistic isolates prepared from MSM amended with 
colloidal chitin or (Table 4.4). The same crude enzyme preparations of the four antagonistic 
isolates also significantly inhibited (P<0.05) the growth of F. oxysporum f.sp. lycopersici when 
incorporated into PDA (Table 4 .4). In contrasts, the percent germination of macroconidia, 
average length of germ tubes and colony growth produced by F. oxysporum fsp. lycopersici in 
the presence of autoc1aved crude enzyme preparations (control) prepared from MSM amended 
\\ith colloidal chitin was not decreased (Table 4.4). 
4.10 Effects of the actinomycete antagonists on living F. oxysporum j.sp. lycopersici 
hyphae 
lycelial mats ill control flasks remained healthy and intact (Fig. 1 5) .  When the l iving 
mycelium of F. oxysporum fsp. lycopersici served as a sole carbon source in a carbon-deficient 
salt solution, the four antagonistic isolates induced plasmolysis after 48 h incubation and lysis 
of the hyphae of the pathogen after 72 h of incubation (Figs. 1 6  a, b, and c) (Table 4 .5). 
4. 1 1  Dialysis membrane overlay technique to assay inhibition of F. oxysporum f.sp. 
lycopersici on CCA p lates 
Following removal of the dialysis membranes, from the CCA medium, growth of the inoculum 
of F. oxysporum fsp. lycopersici, was totally inhibited by the diffused metabolites of the four 
antagonistic isolates in comparison with the control plates (Figs. 1 7  a and b) (Table 4 .5) .  The 
activity of the four antagonistic isolates were found to be fungicidal as the pathogen did not 
grow from the p lugs transferred from treatment plates to fresh PDA medium (Table 4.5) .  
49 
4. 1 2  Abil ity of the actinomycete antagoni ts to produce volatile compounds 
Two antagonistic Streptomyces spp. (isolates # 8 and 42) failed to produce volatile compounds 
when grown on HFMEA. The gro\\th of F. oxysporum f.sp. lycopersici was not affected and 
there were no visible effects on colony morphology. However, Streptomyces spp. (isolate # 1 1  
and 59) produced volati le compounds when grown on HFMEA and these volatiles inhibited the 
gro\\th of F. oxysporum fsp. lycopersici (Fig. 1 8) (Table 4.5) .  
4. 1 3  Production of siderophores 
The four antagonistic isolates failed to produce siderophores when grown on modified chrome 
azurol agar plates (Table 4 .5) .  
4. 1 4  In vitro screening for indole-3-acetic acid production 
Au.xins expressed as (IAA equivalents in Ilg mrl) using the colorimetric analysis were detected 
only in l iquid cultures of three Streptomyces spp. (# 1 1 , 42 and 59) out of the 4 isolates tested 
(Table 4 .6) .  Different isolates varied greatly in their efficiency for IAA production in GPB 
medium both in the presence or absence of L-TRP (Table 4.6).  In the presence of L-TRP, the 
efficiency for IAA production was enhanced by several folds (Table 4 .6).  The remaining 
isolate (# 8) was found to be lAA-non-producing and effected no color change after the 
addition of the reagent to their culture filtrates in the presence or absence of L-TRP and were 
easily distinguished from IAA-producing isolates v, hich formed dark red color (Table 4.6) .  
4. 1 5  Qualitative determination of polyamine production by actinomycetes 
Two isolates (# 8 and 42) produced putrescine in MDAM plates amended with arginine. These 
isolates showed relatively large dark red halo around and beneath the colonies (Fig. 1 9) (Table 
4.5) .  The other two isolates (# 1 1  and 59) were non-producers of putrescine as detected by the 
absence of red halo (Table 4 .5) .  
4. 16  Qualitative determination of phosphate solubilization 
Three isolates (# 1 1 , 42 and 59) were able to produce large zone of clearing (>20 mrn) on 
calcium-phosphate and PRP-amended agar media. The fourth isolate (#8) was non-phosphate­
solubilizing and produced no zone of clearing. Proficiency of PRP solubilization was greatest 
v{ith isolate # 42 (Fig. 20) (Table 4 .5) .  
4. 1 7  Greenhouse study (In vivo b iological control  experiment) 
The application of the four antagonistic actinomycetes in pathogen-infested soil either 
individually (treatments 3 -6) or in combination (treatment 7) in seaweed-non-an1ended soil or 
in seaweed-amended soil either individually (treatments 1 0- 1 3) or in combination (treatment 
1 4) significantly (P < 0.05) reduced disease incidence and severity of wilt disease (Table 4 .7) 
compared to pathogen-infested soil either without or with seaweed extract amendments 
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(treatments 2 and 9, respectively). Treatment 1 4  (all four antagonistic actinomycetes together -:­
F. ox),sporum fsp. lycopersici) in seaweed-amended soil gave the best control and significantly 
(P < 0.05) reduced disease incidence and severity of ,"viIt disease (Table 4.7) compared with 
other treatments (Table 4 .7) (Figs. 2 1  and 22). The performance level of treatment 1 4  was 
followed by the treatment with a mixture of isolates without the addition of seaweed (treatment 
7) or individual isolates with seaweed amendment (treatments 1 0- 1 3) .  These treatments (7 and 
1 0- 1 3) were in tum superior to individual isolates inoculated without the seaweed amendments 
(treatments 3 -6) (Table 4 .7). The treatment which received the mixture of the four antagonists 
in a seaweed-amended soil (treatment 1 4) was almost as effective as Prochloraz application 
(treatment 1 5) in reducing the incidence and severity of wilt disease (Table 4 .7). The 
introduction of the four antagonistic isolates to pathogen-infested soils did not produce any 
harmful effects on seedling grO\\th when introduced individually or in combination either in 
the presence or absence of seaweed amendments. 
The appl ication of the four actinomycetes in the presence of the pathogen either singly 
(treatments 3 -6) or in combination (treatment 7) in the absence of seaweed amendments, or in 
the presence of seav,:eed amendments either singly (treatments 1 0- 1 3 ) or in combination 
(treatment 1 4) significantly (P<0.05) promoted plant growth compared to the controls 
(treatments 1 and 8) (Table 4 .8) (Figs. 23, 24 and 25). In these treatments, there were a 
significant (P<O.OS) increases in the shoot and root lengths and in the dry weights of shoots and 
roots (Table 4.8) .  Treatment 1 4  (all four actinomycetes applied in combination in the presence 
of seaweed amendments) gave the best growth promotion effect in comparison with other 
treatments (Table 4 .8) (Figs. 23 , 24, and 2S). Treatments (7 and 1 0- 1 3) were in tum superior to 
individual isolates inoculated Vv1thout the seaweed amendments (treatments 3-6) (Table 4.7) in 
their gro\\th performance.  
4. 1 8  Estimation of the total  microbial activ ity 
1icrobial activity in soils amended with seaweed extract (treatments 8- 1 4), were found to be 
significantly (P < 0.05) higher than in seaweed-non-amended soils  (treatments 1 -7), eight 
weeks after seaweed amendments (Table 4 .7) .  
4. 1 9  Identification of actinomycetes genera antagonistic to F. oxysporum f.sp. lycopersici 
to species level 
4. 1 9. 1  Characteristics and identification of Streptomyces isolate # 8 
The microscopic examination revealed that the isolate produced stable branched substrate 
mycelium and well  developed aerial mycelium. It produced stalked open spiral chains of 
spores consisting of 1 -3 turns (Fig. 26). Electron microscopy revealed that the isolate 
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produced oval spores with rounded ends. The spore surface was smooth (Fig. 27). Additional 
infonnation on cultural, physiological and biochemical characteristics is given in Tables 4 .9-
4.20. 
On the basis of its biological characteristics, the isolate # 8 was identified as Streptomyces 
roseodiaslaticus. 
4 . 1 9.2 Characteristics and identification of Streptomyces isolate # 1 1  
The microscopic examination revealed that the isolate produced stable branched substrate 
mycelium and well developed aerial mycelium. It produced stalked closed spiral chains of 
spores consisting of 1 -2 turns (Fig. 28). Electron microscopy revealed that the isolate 
produced cylindrical spores with rounded ends. The spore surface was smooth (Fig. 29). 
Additional information on cultural, physiological and biochemical characteristics is given in 
Tables 4 .9-4 .20. 
On the basis of its biological characteristics, the isolate # 1 1  was identified as Streptomyces 
erumpens. 
4. 1 9.3 Characteristics and identification of Streptomyces isolate # 42 
The microscopic exan1ination revealed that the isolate produced stable branched substrate 
mycelium and well developed aerial mycelium. It produced stalked closed spiral chains of 
spores consisting of 1 -2 turns (Fig. 30). Electron microscopy revealed that the isolate 
produced cylindrical spores \vith more or less rounded ends. The spore surface was smooth 
(Fig.  3 1 ) .  Additional information on cultural, physiological and biochemical characteristics is 
given in Tables 4 .9-4.20. 
On the basis of its biological characteristics, the isolate # 42 was identified as Streptomyces 
aurantiaclls. 
4 . 1 904 Characteristics and identification of Streptomyces isolate # 59 
The microscopic examination revealed that the isolate produced stable branched substrate 
mycelium and wel l  developed aerial mycelium. It produced stalked c losed spiral chains of 
spores consisting of 2-3 turns (Fig. 32). Electron microscopy revealed that the isolate 
produced cylindrical spores. The spore surface was smooth (Fig. 3 3). Additional information 
on cultural, physiological and biochemical characteristics is given in Tables 4 .9-4.20. 
On the basis of its biological characteristics, the isolate # 59 was identified as Streptomyces 
rameus. 
Growth and cultural characteristics of isolate # 8 (Streptomyces roseodiastaticus), isolate # 
1 1  (Streptomyces erumpens), isolate # 42 (Streptomyces aurantiacus), and isolate # 59 
(Streptomyces rameus) on OMYEA plates are presented in Figs. 34 35, 36 and 37 .  
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Fig. 1 .  A v iew of a tomato fa rm in  AI-A in  city, UAE. 
5 3  
Fig. 2 a .  enn day-old colon ie of  F. oxysporum f. p. (rcopersici on PDA incubated at 
28°C. 
Fig. 2 b. Seven day-old colon ies of F. ox),sporum f.sp. /ycopersici on Sabo u ra ud's  agar  
i ncu bated at  28°C. 
S4 
50.0 IJm 
Fig.  3 a .  M ic ro-con id ia  of F. o.\)'sporum f. p. �I'copersici borne on s im ple phia l ides . 
• 
I 50.0  IJ m  
Fig. 3 b.  M icro-con idia of  F. oxysporum f.sp. Iycopersici. 
5 5  
I 
50.0 J,lm 
• 
Fig . ..t. Macro-co n id ia of F. ox),sporum f.sp. ��'copersici (arrows). 
50.0 J,lm 
F ig. 5.  Term i n a l  and i n terca lary c h la mydospores of F. ox),sporum f.sp. �vcopersici. 
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Fig. 6 a .  P late of inorga n ic sa l t-sta rch n it rate 
actinom) cete i o lated from tomato rh izosphere. 
Fig. 6 b. P la tes of inorgan ic sa lt-starch n it rate agar (SNA) w ith colon ies of 
actinomycete isola ted from tomato rh izo phere. 
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Fig. 7 a. Prod uction of c lear zones by acti nomycete isolates on col loida l 
ch i t in  a r i ncu bated at 28°C. 
---
Fig. 7 b. P roduct ion of c lea r  zones by act inomycete i olate on colloidal 
ch i t in  aga r incu bated at  28°C. 
5 8  
Fig. 8. I n h ibit ion of the growth of F. oxysporum f.sp. /ycopersici grow n i n  a 
dua l  c u l t u re w ith  a ntagon istic actinomycetes on col loida l ch i t in  agar. 
econd  plate on the left is the control  plate without act inomycete and a l l  
the plates were i ncu bated at  28°C. 
59 
Fig. 9 a .  Range of in vitro a n tagon ism observed between F. 
O",,-:l' porum f. p. /ycopersici and different  actinomycete isolate 
u ing  the  seed-plate method on H u  e in 's  fi h mea l extract aga r 
after 7 da of i n c u bation at  28°C. 
Fig. 9 b. Range of in vitro a ntago n ism observed between F. 
o:x),sporum f.sp.  /ycopersici and d ifferen t  actinomycete i olates 
u ing  the seed-plate method on H usse in 's  fish meal  extract aga r 
after 7 day of i n c u bation at 28°C. 
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Fig. 1 0. Range of in vitro a ntagon ism observed between F. 
o>..}'sporum f. p. /ycopersici and d ifferen t  actinomycete isolates 
u ing the  d ua l  cu l tu re method on H u ssein 's  fish meal extract agar  
after 7 day  of i ncu bation at 28°C. Cont rol plate i s  on the  right 
hand in each figu re. Note growth reta rdation i n  the p lates on the 
left \" h ich  con ta i n  the  actinomycete a ntagon ists. 
6 1  
Fig. 1 1 . The i nd icator root colon ization plate assay showing Streptomyces isolate # 
-'2 colon iz ing tomato roots after 8 day from rad icle emergence. Note the grayi h 
spore a ro u n d  the root on water aga r plates. 
Fig.  1 2 . Sca n n ing  electron m icrogra ph of tomato seed l i ng roots (8-days-old
) 
colon ized w ith  hyphae and cha ins of spores of the rhizosphere-com petent isol
ate of 
Streptomyces # 42 (X 6000). 
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electron m ic rograph of tomato eed l ing roots (8-day -old)  
colon ized " i th  hyphae and chains of spores of the rh izosphere-com petent isolate of 
Streptomyce # 59 ( X  2500). 
Fig. 1 4. Rh izosphere com petence assay by the rh izosphere­
com petent  isolate Streptomyces # 42. Note the growth of the 
act i nomycete spores a rou nd  root segments. 
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50.0 IJrn 
F ig. 1 5. H ea lthy mycel ia l mats i n  control flasks. The hyphae are hea lthy a nd 
i n tact ( X  1 000). A l l  l iv ing  hyphae a re b lue  i n  color. 
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oxysporum f.sp. �)'copersici e rved a a ole ca rbon sou rce i n  a ca rbon­
deficient alt o lu tion,  w ith Streptomyces isolate # 8. Note that dead 
hyphae not ta i ned w ith lacto-phenol  cotton b lue. 
50.0 .,.m 
Fig. 1 6  b a n d  c. Ly i of the hyphae of F. ox),sporum f.sp. �vcopersici 
'w ben the l i v ing  m cel i u m  of F. oxysporum f.sp. /ycopersici served as a sole 
ca rbon sou rce in a ca rbon-deficient salt sol u tion, with Streptomyces 
i o late # 1 1  after 72 h of i ncu bation. Note that dead hyphae not ta ined 
'"" ith lacto-phenol  cotton bl ue. 
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Fio. 1 7  a .  Dia ly i mem bra ne overlay tec h n ique  to as ay i n h ibition of F. oxysporum 
f. p. (I'coper ici on col loidal  ch i t in  agar (CCA) plates. G rowth of the i nocu l u m  of F. 
0.':1' porum f. p. (I'coper ici, wa tota l ly i n h ibited by the d iffused metabolites of 
Streptomyce # 1 1  in com pa ri on w ith the control  plate ( left plate). 
Fig. 1 7  b. Dia l)' is mem brane  overlay techn ique  to assay i n h ibition of F. ox),sporum 
f.sp. Iycopersici on col loidal  ch i t in  agar (CCA) plates. G rowth of the inoc u l u m  
of F. 
oxysporum f.sp. Iycopersici, was total ly i n h ibited by the d iffused metab
ol ites of 
Streptomyces # 42 i n  com pa rison w ith the contro l  plate ( left plate). 
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Fig. 1 8  Produ ction of volati le com pou nds by Streptomyces # 
1 1 . Note the com plete growth i nh ibition of F. oxysporum 
f. p. �rcopersici on H FM EA plate in compa rison w ith  the 
control  p late ( left p late). 
F ig. 1 9. P rodu ction of polya mine  by Streptomyces # 8 on 
M oe l ler' deca rboxy lase agar med i u m  supplemented with L­
arg in ine  4 day after i noc u lation and incubation at 28°C. Note 
the change of phenol-red ind icator from yel low to red due  to 
the prod u ction of polyam ines. 
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Fig. 20. Phosphate o l u bi l i zation by Streptomyces # 42 on ca lc i u m-phosphate a mended 
aga r med i u m  2 weeks after i nocu lation and incu bation at 28°C. 
clea r ing a ro u nd a n d  beneath the colon ies. 
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Note the zone of 
F ig. 2 1 .  Com pa rison of growth of matu re tomato p lants (35-days-old) grow n i n :  
( 1 ) : soil  i n fested w ith  F. oxysporum f.sp. �I'copersici a n d  inocu lated with a m ixtu re of 
Streptomyces # 8 + Streptomyces # 1 1  + Streptom,l ces # 42 + Streptomyces # 59 with 
seaweed-extract.  
( 2 ) :  Cont ro l  not t reated w ith a ny of the actinomycete nor w ith F. oxysporum f.sp. 
�rcopersici i n  eaweed-extract a mended soi l .  
(3) p lant  n ot t reated with any of the  actinomycetes but inocu lated with F. oxysporum f.sp. 
�J'copersici i n  eaweed-extract a mended soi l .  Note the yel lowing a n d  w i lt ing o f  plants i n  pot 
# 3. 
69 
Fig. 22 .  Compa rison of growth of matu re tomato plants (55-days-old ) grow n in soi l  
i u fe ted w ith  F. oxysporum f.sp. (vcopersici and inocu lated w ith a mixture of 
Streptomyces # 8 + Streptomyces # 1 1  + Streptomyces # 42 + Streptom) ces # 59 in soi l  
a mended w ith seaweed-extract ( left). 
P lant  not t reated w ith any of the actinomycetes but  i nocu lated w ith F. oxysporum 
f. p. (l'copersici i n  seaweed-extract amended soi l  ( right hand). Note the yel lowing and 
w i l t ing of p lants on the  right. 
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Fig. 23. Com pa rison of growth of mature tomato pla n ts (55-days-old) grown i n :  
( 1 ) : Soi l  i n fe ted w ith F. o;l)'sporum f. p .  Iycopersici and inocu lated with a m ixture of 
Streptomyce # 8 + Streptomyces # 1 1  + Streptomyces # 42 + Streptomyces # 59 with 
eaweed-extract. 
( 2 ) :  I noc u lated w ith  a m i x t u re of Streptomyces # 8 + Streptomyces # 1 1  + StreplOm) ces # 
42 + Streptomyces # 59 w ithout  seaweed-extract. 
(3) Contro l  not t reated w ith a ny of the actinomycetes w ith seaweed-extract. 
(-') : Contro l  not t reated w ith a ny of the actinomycetes w ithout seaweed-extract. 
7 1  
Fig. 2 ... Com pa rison of growth of mat u re tomato p lants (55-days-old)  grow n i n :  
( 1 ) : o i l  i n fe ted w ith F. oXJ sporum f.sp. ��'copersici and inocu lated with a m ixture of 
Streptomyces # 8 + Streptomyces # 1 1  + Streptomyces # 42 + Streptomyces # 59 with eaw eed­
extract. 
(2 ) :  i n ocu lated w ith  o n ly Streptomyces # 8 w ith  seaweed-extract. 
(3) ; Control not t reated w ith any of the actinomycetes with seaweed-extract. 
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Fig. 25. Com pa r ison of growth of mature tomato p lants (55-days-old)  grow n i n :  
( 1 ) :  Soil  i n fe ted w ith F. oxysporum f.sp. �)'copersici a n d  i nocu lated with a mixtu re of 
Streptomyce # 8 + Streptomyces # 1 1  + Streptomyces # 42 + Streptomyces # 59 and w ith 
eaweed-extract. 
(2) ; o i l  i nocu lated w ith a m ixtu re of Streptomyces # 8 + Streptomyces # 1 1  + Streptomyces 
# ·n + Streptomyces # 59 and 'w ithout seaweed-extract. 
(3 ) Cont rol not t reated with an of the actinomycetes but with seaweed-extract. 
(4) Con trol  not t reated wi th any of the actinomycetes but w ithout seaweed-extract. 
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Fig. 26. M icrogra ph of pore cha ins of Streptomyces isolate # 8 ( X  1 000). 
Fig. 27. E lectron m icrograph of spores 
of Streptomyces isolate # 8 (X 1 5500). 
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50.0 IJm 
Fig. 28. Micrograpb of spore chains  of Streptomyces isolate # 1 1  ( X  1 000) . 
• 
Fig. 29. E lectron m icrogra ph of spores 
of Streptomyces isolate # 1 1  (X 1 5500). 
7 5  
50.0 �m 
Fig. 30. M ic rograph of pore chains  of Streptomyces isolate # 42 (X  1 000). 
Fig. 3 1 .  E lectron m icrograph of spores 
of Streptomyces isolate # 42 (X 1 5500). 
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50.0 .... m 
Fig. 32 M ic rograph of pore cha in  of Streptomyces isolate # 59 ( X  1 000). 
Fig. 33. Electron m icrograph of spores 
of Streptomyces isolate # 59 (X 1 5500). 
7 7  
Fig. 3... . C u ltu ra l  cha racte ristics of Streptomyces isolate # 8 on oatmeal yeast 
extract aga r ( left) a n d  on H u  e in ' s  fish meal extract aga r ( right) after 7 days of 
incu bation at 28°C. 
Fig. 35. C u ltu ra l  characteristics of Streptomyces isola te # 1 1  on oatmeal yeast 
extract agar ( left) a n d  on H ussein ' s  fish meal extract agar ( righ t) after 7 days of 
i ncu bation at 28°C. 
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Fig. 36. C u ltu ra l  cha racteri t ic of Streptomyces isolate # 42 on oatmeal yea t 
extract aga r ( left) a n d  on H u  sei n 's fi h mea l ex tract aga r ( righ t) after 7 day of 
incu bation at  28°C. 
F ig. 37. C u lt u ra l  characteri t ic of Streptomyces isolate # 59 on oatmea l yeast 
extract aga r ( left) a n d  on H usse in ' s  fish meal extract agar ( right) after 7 day of 
incu bation at 28°C. 
79 
Table 4. 1 .  Characteristics of soil col lected from Al­
Ain, United Arab Emirates. 
Soi l  Characteristics 
Texture 
Color 
Organic carbon (%) 
pH in 0.0 1 M CaCh 
EC (ds m-I )  
N03 --N (mg kg-I )  
NH4+-N (mg kg- I )  
Available P (mg kg- I )  
Total P (mg kg- I )  
K+ (mg kg- I )  
So.t (mg kg- I )  
Reactive F e  (mg kg- I )  
Cu (mg kg- I )  
Z n  (mg kg- I )  
Mn (mg kg- I )  
cr (mg kg- I)  
Sandy loamy 
Light yellowish brown 
0.78 
8 . 1  
1 . 1 2  
1 6  
6 
32 
l l 5 
1 44 
8 1  
2 1 2  
0 .54 
0. 1 7  
2.7 1 
1 5  
80 
T
able 4.2. R
oot colonization frequencies (%
) of Streptomyces spp. in root segm
ents and rhizosphcre (Rh
izo) of tom
ato (Lycopersicol1 esculenful11 
L
.) three w
eeks after sow
ing the treated seeds 
Frequency of colonization (%
) 
D
istance fr
om
 
(# 8) 
(# 11) 
(# 3 1) 
(# 35) 
(# 42) 
(# 55) 
(# 59) 
seed (cm
) 
R
oot 
R
hizo 
R
oot 
R
hizo 
R
oot 
R
hizo 
R
oot 
R
hizo 
R
oot 
R
llizo 
R
oot 
R
bizo 
R
oot 
R
hizo 
0-2 
100 a 
100 a 
100 a 
100 a 
100 e 
100 a 
100 a 
lOa a 
100 a 
100 a 
100 a 
100 a 
100 a 
100 a 
2-4 
100 a 
100 a 
100 a 
100 a 
100 e 
100 a 
100 a 
100 a 
100 a 
100 a 
100 a 
100 a 
100 a 
100 a 
4-6 
100 a 
90 ab 
100 a 
100 a 
70 be 
80 a 
70 b 
80 a 
100 a 
100 a 
50 b 
60 b 
100 a 
100 a 
6-8 
80 ab 
80 ab 
100 a 
100 a 
60 abc 
80 a 
40 e 
50 e 
100 a 
100 a 
10
 c 
30 e 
100 a 
100 a 
8-10
 
60 ab 
70 ab 
100 a 
100 a 
50 ab 
70 ab 
O
d
 
O
d
 
100 a 
100 a 
O
d
 
O
d
 
100 a 
100 a 
10-12
 
5 0 b 
60 ab 
80 b 
100 a 
50 ab 
60 ab 
O
d
 
O
d
 
100 a 
100 a 
O
d
 
O
d
 
100 a 
100 a 
12-14
 
40 b 
5 0 b 
70 c 
80 b 
20
a 
30 a 
O
d
 
O
d
 
100 a 
100 a 
O
d
 
O
d
 
80 b 
90 a 
T
om
ato seeds coated w
ith each actinom
ycete isolate w
ere grow
n in non-sterile sandy soils in plastic tubes in polystyrene boxes containing soil, in 
an evaporative-cooled greenhouse m
aintained at 28 ± 5°C
. 
Seedlings w
ere harvested three w
eeks aft
er sow
ing. 
V
alues arc m
eans of 10
 
independent replicates for each treatm
ent and values w
ith the sam
e letter w
ithin a colum
n are not significantly (P > 0.05) different according to 
F
isher's Protected L
SD
 T
est. 
Percentage data w
ere arc-sine transfor
med before analysis. 
8
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T
able 4.3. Population densities of Streptom
yces spp. in rhizosphcre soil of root segm
ents of tom
ato (Lycopersicon esculenlum
) three 
w
eeks after sow
ing the treated seeds 
D
istance from
 seed (cm
) 
0-2 
2-4 
4-6 
6-8 
8-10
 
10-12
 
12-14
 
(# 8) 
4.73 a 
4.24 b 
4.09 b 
3.87 c 
3.55 d
 
3.06 e 
2.75/
 
(# II) 
(# 31) 
4.95 a 
4.09 a 
4.54 b 
3.83 b 
4.36 b 
3.50 c 
4.13
 c 
3
.15 d
 
3.93 d
 
2.8
1 e 
3.37 e 
2.49/
 
3.0
1/
 
2.3
1g 
M
ean logto cfu
 g dry soW
 I 
(# 35) 
(# 42) 
(# 55) 
(# 59) 
3.9
1 a 
5.58 a 
3.43 a 
5.28 a 
3.43 b 
5.11 b 
3.06 b 
4.98 b 
3.04 c 
4.9
1 b 
2.51 c 
4.72 c 
2.65 d
 
4.6
1 c 
2.16
d
 
4.43 d
 
2.23 e 
4.32 d
 
1.73 e 
4.25 d
 
1.78/
 
3.92 e 
1.47/
 
3.73 e 
1.26
g 
3.39/
 
1.36/
 
3.14 
Tom
ato seeds coated w
ith each actinom
ycete isolate w
ere grow
n in non-sterile sandy soils in plastic tubes in polystyrene boxes containing 
soil, in an evaporative-cooled greenhouse m
aintained at 28 ± 5°C
. Seedlings w
ere harvested three w
eeks after sow
ing. V
alues are m
eans of 
6 independent replicates for each treatm
ent and values w
ith the sam
e letter w
ithin a colum
n are not significantly (P
 > 0.05) different 
according to Fisher's Protected LSD
 T
est. 
Percentage data w
ere arc-sine transformed before analysis. 
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T
able 4.4. E
ffect of crude culture filtrate of the four antagonistic chitinasc-p roducing Streptom
yces isolates 
(# 8, 
11, 42 and
 59) 
on 
sp ore germ
ination, germ
 tube length and colony diam
eter of 
F
usarium
 oxy
sporum
 f.sp . 
Iycop
ersici. 
* T
reatm
ents 
C
ontrol (autocJaved culture fi
ltrate) 
C
ulture fi
ltrate of isolate # 8 (M
SM
 + colloidal chitin) 
C
ulture fi
ltrate of isolate # 11 (M
SM
+ colloidal chitin) 
C
ulture fi
ltrate of isolate # 42 (M
SM
+ colloidal chitin) 
C
ulture fi
ltrate of isolate # 59 (M
SM
+ colloidal chitin) 
'IC
olony
 
tSpore 
tG
erm
 tube 
diam
eter (m
m
) 
germ
ination (%
) 
length ().lm
) 
89.36 e 
92.53 d 
51.09 d 
2.69 b 
25.27 b 
] 5.77 be 
2.56 b 
32.58 e 
18.69 e 
1.45 a 
16.09 a 
9.82 a 
2.38 b 
24.38 b 
14.31 b 
*C
ulture fi
ltrates of the four isolates w
ere fr
om
 m
inim
al synthetic m
edium
 (M
SM
) am
ended w
ith colloidal chitin. 
�C
olony diam
eter on potato dextrose agar m
edium
 w
as recorded after 5 days incubation at 28°C
 ± 2°C
. 
tSpore 
germ
ination and germ
 tube length (100 conidia per replicate) w
ere observed m
icroscopically after 24 h at 28° C ± 2°C
. 
Percentage data w
ere arc-sine transform
ed before analysis. 
V
alues are m
eans of 6 replicates and the values w
ith the 
sam
e letter w
ithin a colum
n are not significantly (p
> 0.05) different according to Fisher's Protected LSD
 T
est. 
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T
able 4.5. III vitro production of plant grow
th regulators and in vitro antagonistic activities of the four Streptom
yces 
spp. (# 8, 11,42 and 59) against F
usarium
 oxysporum
 f.sp. Iycopersici. 
Streptom
yces sp. 
Streptom
yces sp. 
Streptom
yces sp. 
Streptomyces sp. 
A
ctivities 
(# 8) 
(# 11) 
(# 42) 
(# 59) 
D
iam
eter of clear zone (m
m
) on colloidal chitin agar 
42 
51 
46 
6
1 
Inhibition o
f F.
 oxy
sporum
 f.sp. lycopersici o
n colloidal chitin agar 
fungicidal 
fungicidal 
fu
ngicidal 
fungicidal 
C
hitinase [rom
 colloidal chitin CU
) 
5.51 
5.12
 
4.08 
3.68 
I3-1.3-glucanase fr
om
 lam
inarin (U
) 
0.67 
0.88 
0.49 
0.38 
Plasm
olysis and hyphallysis aft
er 72 h of incubation 
+
 
+
 
+
 
+
 
Production of diffusible m
etabolites 
+
 
+
 
+
 
+
 
Production of volatile m
etabolites 
+
 
+
 
Production of siderophores 
Production of Indole-3-acetic acid (lAA
) 
+
 
+
 
+
 
Production of polyam
ines (putrescine) 
+
 
+
 
Phosphorus solubiliza
tion 
+
 
+
 
+
 
+ 
=
 produced; 
-
=
 not produced. 
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Table 4.6. III vitro indole-3-acetic acid ( lAA) production by the 
Streptomyces i olate (# 8, 1 1 , 42, and 59) in glucose-peptone broth (GPB) 
amended with or without L-tryptophan (L-TRP) after 7 days of 
incubation at 28°C. 
Isolate Number 
Streptomyces sp. (# 8) 
Streptomyces sp. (# 1 1 ) 
Streptomyces sp. (# 42) 
Streptomyces sp. (# 59) 
IAA equivalents (Jlg mrl) 
Without L-TRP With L-TRP 
0.00 a A  
5 .03 b A 
9.9 1 c A 
7 .37 d A  
0.00 a A  
1 7 . 39  b B  
3 8. 96 c B 
27 . l 1 d B  
Values are means of six replicates and the values with the same lower or same 
upper case letter within a column or a row, respectively are not significantly 
(P>0.05) different according to Fisher's Protected LSD Test 
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Table 4.7. Effect of inoculation with Streptomyces isolates # 8, 1 1 , 42 and 59 indi idually or in 
combinat ion in the presence or absence of seaweed extract amendments on wilt disease of tomato caused 
by Fusarium oXY porum f.sp. lycopersici and on soi l  microbial activity (/lg hydrolyzed FDA g dry 
so  i I- l ) under greenhouse cond itions. 
Treatmentsa 
( 1 )  Control (no pathogen) without seaweed extract 
(2) Control (pathogen alone) without seaweed extract 
(3) Pathogen + Streptomyces # 8 without seaweed extract 
(4) Pathogen + Streptomyces # 1 1  without seaweed extract 
(5) Pathogen + Streptomyces # 42 without seaweed extract 
(6) Pathogen + Streptomyces # 59 without seaweed extract 
(7) Pathogen + Streptomyces # 8 + Streptomyces # 1 1  + 
Streptomyces # 42 + Streptomyces # 59 without seaweed extract 
(8) Control (no pathogen) with seaweed extract 
(9) Control (pathogen alone) with seaweed extract 
( 1 0) Pathogen + Streptomyces # 8 with seaweed extract 
( 1 1 )  Pathogen + Streptomyces # 1 1  with seaweed extract 
( 1 2) Pathogen + Streptomyces # 42 with seaweed extract 
( 1 3) Pathogen + Streptomyces # 59 with seaweed extract 
( 1 4) Pathogen -,- Streptomyces # 8 + Streptomyces # 1 1  + 
Streptomyces # 42 + Streptomyces # 59 with seaweed extract 
( 1 5) ) Pathogen + Prochloraz without seaweed extract 
Biocontrol percentage (%) 
1 00 e 
6 .25 a 
40.62 b 
46.87 b 
5 3 . 1 2 b 
50 b 
7 1 .87 c 
1 00 e 
1 8.75 b 
68.75 c 
65 .62 c 
75 c 
7 1 .87 c 
90.62 d 
93.75 d 
Microbial activity b 
29.78 a 
26.78 a 
47.44 c 
38 . 1 6 b 
46.55 c 
37 .89 b 
49. 14  cd 
53 .97 de 
57 . 1 6  e 
80.28 gh 
84.21  h 
78.25 g 
76.98 g 
96.56 i 
67.36/ 
• 
Tomato seeds were sown in soils infested with or without Fusarium oxysporum f.sp. lycopersici and with or 
without actrnomycete isolates in seaweed-amended and seaweed non-amended soils in an greenhouse maintained at 
280C ± 50C . Plants were harvested eight weeks after sowing seeds. Values are means of 8 replicates (5 plants porI) 
for each treatment and values with the same letter within a column are not significantly (P > 0.05) different 
b 
according to F isher's Protected LSD Test. The microbial activity was assayed by the fluorescein diactete 
hydrolysis technique after eight weeks from the beginning of the greenhouse trial. 
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Table 4.8. E ffect of inoculation w ith Streptomyces i solates # 8, 1 1 , 42 and 59 individually or in combination 
in the presence or absence of seaweed extract amendments on growth characteristics of tomato plants in the 
presence or absence of Fusarium oxysporum f.sp. lycopersici under greenhouse conditions. 
Treatmentsa 
( 1 )  Control (no pathogen) without seaweed extract 
(2) Control (pathogen alone) without seaweed extract 
(3) Pathogen + Streptomyces # 8 without seaweed extract 
(4) Pathogen + Streptomyces # 1 1  without seaweed extract 
(5) Pathogen + Streptomyces # 42 without seaweed extract 
(6) Pathogen + Streptomyces # 59 without seaweed extract 
(7) Pathogen + Streptomyces # 8 + Streptomyces # 1 1  + 
Streptomyces # 42 + Streptomyces # 59 without seaweed 
extract 
(8) Control (no pathogen) with seaweed extract 
(9) Control (pathogen alone) with seaweed extract 
( 1 0) Pathogen + Streptomyces # 8 with seaweed extract 
( 1 1 )  Pathogen + Streptomyces # 1 1  with seaweed extract 
( 1 2) Pathogen + Streptomyces # 42 with seaweed extract 
( 1 3 )  Pathogen + Streptomyces # 59 with seaweed extract 
( 1 4) Pathogen + Streptomyces # 8 + Streptomyces # 1 1  + 
Streptomyces # 42 + Streptomyces # 59 with seaweed extract 
( 1 5) ) Pathogen -I- Prochloraz without seaweed extract 
Root length Shoot length Root dry Shoot dry 
(cm) (cm) weight (g) weight (g) 
1 3 .34 a 
1 0.6 1  a 
2 l .88 c 
22.69 c 
26.47 d 
2 1 .78 c 
42.30 g 
1 7.53 b 
1 0.09 a 
3 1 .05 e 
32.35 e 
37.4 1 1  
30.84 e 
48.80 h 
1 7 . 1 9  b 
42.67 b 
33 . 14  a 
54.06 c 
52. 1 6  c 
56.97 c 
53 .49 c 
80.061 
43.39 b 
33 .34 a 
66.03 d 
67.77 d 
73.59 e 
65.50 d 
88.75 g 
45.25 b 
3 .76 bc 
1 .75 a 
4.52 d 
4.66 de 
5 .04 e 
4 .61  d 
6.85 g 
3 .96 c 
1 .57 a 
5.631 
5 .461 
5 .691 
5 .581 
9. 1 0  h 
3 .5 1 b 
7.39 b 
4.27 a 
1 3 .22 c 
1 0.74 c 
1 6.78 d 
1 1 .72 c 
25 . 1 8 1  
7. 1 0  ab 
4. 1 6  a 
2 1 .78 e 
1 9.98 e 
20.21  e 
2 1 .25 e 
3 1 .3 1  g 
7.07 ab 
a 
Tomato seeds were sown i n  soils infested with or without Fusarium oxysporum f.sp. lycopersici and 
with or without actinomycete isolates in seaweed-amended and seaweed non-amended soils in an 
greenhouse maintained at 28°C ± 5°C . Plants were harvested eight weeks after sowing seeds. 
Values are means of 8 replicates (5 plants porI)  for each treatment and values with the same letter 
within a column are not significantly (P > 0.05) different according to Fisher's Protected LSD Test. 
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Table 4.9 : Color of the aerial mycel i u m  of the fou r  Streptomyces isolates on five agar media after 1 4  days of i ncu bation at 
2 8°C. 
Color of aerial mycelium on 
Actinomycetes Starch nitrate Glycerol Oatmeal yeast Yeast extract Hssein's fishmeal 
agar asparagine agar extract agar malt extract agar extract agar 
S. roseodiastaticus (# 8) Brownish gray Grayish-yel lowish Brownish gray Brownish gray Whitish gray 
brown 
S. erumpens (# 1 1 ) Greenish gray Dark gray Greenish gray Yellowish gray Yellowish gray 
S. aurantiacus (# 42) Dark grayish Dark grayish Dark grayish Light grayish Whitish gray 
brown brown brown brown 
S. rameus (#59) Grayish- Dark grayish green Grayish- Grayish- White 
yellowish pink yellowish pink yel lowish pink 
�a ble 4. 1 0 :  Color of the su bstrate myceli u m  of the fou r  Streptomyces isolates on five agar media after 14 days of 
° lDcu bation a t  28 C. 
Color of substrate mycelium on 
Actinomycetes Starch nitrate Glycerol Oatmeal yeast Yeast extract Hssein's fishmeal 
agar asparagine agar extract agar malt extract agar extract agar 
S. roseodiastaticus (# Light brown Light brown Light brown Light brown Dark brown 
8) 
S. erumpens (# 1 1 ) Whitish-pink Reddish-pink Yellow Yellowish-pink Reddish-pink 
S. aurantiacus (# 42) Light red Light red Reddish brown Light red Light red 
S. rameus (#59) Pale yellow Yellowish-brown Yellowish- Yellowish-brown Yellowish-brown 
brown 
8 8  
Ta ble 4. 1 1 :  olor of the medi u m  of the fo u r  Streptomyces isolates on five aga r media after 1 4  days of incu bation at 280C. 
Actinomycetes 
S. roseodiastaticus (# 
8) 
S. erumpens (# 1 1 ) 
S. aurantiacus (# 42) 
S. rameus (#59) 
Color of medium on 
Starch nitrate 
agar 
Glycerol 
asparagine agar 
No distinctive No distinctive 
pigment 
Reddish-pink 
Light red 
Pale yellow 
pigment 
Reddish-brown 
Light red 
No distinctive 
pigment 
Oatmeal yeast Yeast extract Hssein's fishmeal 
extract agar malt extract agar extract agar 
No distinctive No distinctive No distinctive pigment 
pigment 
o distinctive 
pigment 
Light red 
Pale yellow 
pigment 
o distinctive 
pigment 
Reddish-pink 
Dark red Dark red 
Yellowish-brown Dark yellow 
[fable 4. 1 2 :  Mela n i n  pigment p rod u ction by the fou r  Streptomyces actinomycetes and sensitivity of pigment to pH. 
Melanin production on 
Actinomycetes Peptone-yeast- Tyrosine 
iron agar agar 
S. roseodiastaticus (# 8) - -
S. erumpens (# I I ) - -
S. aurantiacus (# 42) + + 
S. rameus (#59) + + 
Sensitivity of 
Diffusible substrate pigment to Diffusible pigment to pH 
pH 
+ 
+ 
+ 
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+ 
+ 
+ 
Table 4 . 1 3 :  G rowth of the fo u r  Streptomyces i olates on different carbon sou rces. 
Carbon source S. roseodiastaticus 
(# 8 )  
L-arabinose + 
Raffinose + 
Sucrose 
D-xylose + 
Meso-inositol + 
Mannitol 
Maltose 
D-fructose 
D-Glucose + 
L-rharnnose + 
D-mannose 
Ribose 
D-Lactose + 
Inulin + 
Salicin 
Trehalose 
Dextran + 
D-galactose 
Cellulose + 
Cellobiose 
Adonitol 
Xylitol + 
Sodium acetate 
Sodium propionate 
Sodium citrate 
Sodium malonate 
Sodium pyruvate 
+)= growth, (-) = no growth 
S. erumpens 
(# 1 1 )  
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
S. aurannacus (# 42) S rameus (#59) 
+ + 
+ + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Table 4. 1 4 :  G ro\� th of the fou r  Streptomyces i olates on different nitrogen sources. 
N itrogen sources 
DL-a-amino-n-butyric acid 
Potassium nitrate 
L-cysteine 
L-valine 
L-threonine 
L-serine 
L-phenylalanine 
L-asparaginine 
L-methionine 
L-rustidine 
L-arginine 
L-hydro)..'YProl ine 
+)= growt h  (-) = n o  g rowth 
S roseodiastatlCus S. erumpens 
(# 8) (# 1 1 ) 
+ 
+ + 
+ 
+ 
+ 
+ 
+ + 
+ + 
+ + 
+ 
+ + 
S. aurantlacus (# 42) S rameus (#59) 
+ 
+ + 
+ 
+ 
+ 
+ 
+ 
+ + 
+ + 
+ 
+ 
ra ble 4. 1 5 : G rowth of t h e  fou r  Streptomyces isolates in the p resence of d i fferen t  i n h i bitors. 
Growth inhibitor S roseodiastaticus S. erumpens S aurantiacus S rameus (#59) 
(# 8) (# 1 1 ) (# 42) 
Sodium chloride (0%) + + + + 
Sodium chloride (0.5%) + + + + 
Sodium chloride (5%) + + 
Sodium chloride ( 1 0%) + + 
Sodium chloride ( 1 5°'0) 
Sodium azide (0.0 1 %) + + 
Sodium azide (0.02%) + 
Phenol (0. 1 %) + + + 
Potassium tellurite (0.00 1 %) + + + 
Potassium tellurite (0.0 1 %) + 
Thallous acetate (0.00 1 %) + + 
ThaJlous acetate (0.0 1 %) + 
Crystal violet (0 000 1 %) + + + 
+)= growth,  (-) = n o  g rowth 
9 1  
Ta ble 4. 1 6: G rowth of the fou r  Streptomyces isolates at different tem peratures 
Temperature S. roseodiastaticus S. erumpens S. aurantiaclls S rameus 
(# 8) (# 1 1 )  ( #  42) (#59) 
4 °C 
1 0  °C 
28 °C + + + + 
3 7 °C + + + + 
45 °C + 
52 °C 
(+)= growth, (-) = no growth 
Table 4. 1 7 :  Prod uction of enzy m e  by the fou r  Streptomyces actinomycete isolates. 
Enzymes S roseodiastaticus S erumpens S aurantiacus S rameus 
(# 8) (# 1 1 ) (# 42) (#59) 
Lipase + + 
Keratinase + + 
Cel lulase + + + 
Pectinase + + + + 
Chitinase + + + + 
Nitrate reduction + + 
Production of H2S + + 
Coagulation of milk + + + + 
Peptonization of milk + + 
(+)= e nzym e  p roduced, (-) = enzyme not p roduced 
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Ta b l e  4 . 1 8 :  Degradation of complex compounds b the fou r  Streptomyces acti nomycete isolates 
Complex compounds S. roseodiastaticus S. erumpens S. aurantiacus 
(# 8) (# 1 1 )  (# 42) 
Adenine + + 
Tyrosine + + 
Hypoxanthine + + 
Xanthine + + 
Elastin + 
Casein + + + 
Glycogen 
Testosterone + 
Guanine + + 
Gelatin + 
Starch + + + 
D A + 
RNA + 
Aescul in + 
Arbutin + 
Tween 80 + 
Allantoin + 
Urea + + 
(+)= d egradation of the compound, (-)= no degradation of the compound 
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S. rameus (#59) 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Table 4 . 19: A n ti- m ic robial  activitie of the four Streptomyces isolates against a ra nge of bacteria, yeast a nd 
mould . 
Microorganisms S. roseodiastaticlls S. erumpens S. aurantiacus S. rameus 
(# 8)  (# 1 1 ) (# 42) (#59) 
Escherichia coli + + + 
Pseudomonas jluorescens + + + 
Staphylococcus aureus + 
Bacillus subtilis + 
Micrococcus luteus + + 
Aspergillus niger + + + 
Candida albicans + + 
Saccharomyces cerevisiae + 
Pythium aphanidermatum + + + + 
AspergI'lIus niger + + + + 
Rhi::.octoma solani + + + + 
(+)= i n h ibition of growth ,  (-) = no i n h i bition of growth. 
Table 4.20: Sensi tivity of the fou r  Streptomyces isolates to differen t  a ntibiotics. 
Antibiotic (ug mL- ) S. roseodiastaticus S. erumpens S. aurantiacus (# S. rameus 
(# 8) (# 1 1 )  42) (#59) 
Gentamicin sulphate ( 1 00) 25 0 1 2  3 1  
Neomycin sulphate (50) 1 4  1 8  0 1 7  
Streptomycin sulphate ( 1 00) 0 0 0 0 
Rifampicin (50) 30 34 25 42 
Cephaloridine ( 1 00) 4 1  4 1  3 5  5 1  
Dimethyl chlorotetracycline (500) 25 27 20 0 
Oleandomycin (I 00) 1 7  28 25 0 
Penici l lm G ( 1 0  i .u) 0 0 35 1 5  
Vancomycin (50) 1 2  24 1 8  0 
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CHAPTER S 
DISCUSSION 
C H A PT E R  5 :  D I SCUSS ION 
Publ ic and scientific concern about the presence of  toxic chemicals, including synthetic 
herbicides and pesticides in the food supply and in the environment has increased in recent years 
( mith and Thomson 2003 ;  Vinale et al. , 2008). There is a growing concern in recent years, 
both in developed and developing countries, about the environmental impact and the 
environmental contamination about the use of hazardous fungicides in agriculture for controlling 
plant di eases ( mith and Thomson, 2003). 
Chemical pesticides including fungicides have already been proven to cause adverse 
en ironmental effects and result in health hazards to humans as wel l  as other organisms 
including beneficial natural enemies (Horrigan et aI. , 2002). The development of resistance in 
fungal pathogens to fungicides (Spotts and Cervantes, 1 986) and the growing public concern 
over the health and environmental hazards associated with high levels of fungicides (Vinale et 
aI. ,  2008) have resulted in a significant interest in the development of environmentally-friendly 
alternative non-chemical safe plant protection strategies for plant disease control (Vinale et aI. , 
2008). 
Biological control involves the use of beneficial organism, their genes, and/or products, such 
as metabol ites, that reduce the negative effects of plant pathogens and promote positive 
responses by the plant (Vinale et aI. , 2008). Disease suppression, as mediated by biocontrol 
agents, is the consequence of the interactions between the plant, pathogens, and the microbial 
community (Vinale et aI. , 2008). Research over the years went though screening for potential 
biocontrol agents and testing them in vitro and under greenhouse and field conditions, together 
v.ith development of improved delivery systems (Donumbou et al. , 2002; EI-Tarabily and 
Sivasithamparam, 2006; Vinale et al. , 2008). Biological control using microbial antagonists has 
emerged as one of the most promising alternatives, either alone or as a part of an integrated 
control strategy to reduce reliance on chemical pesticides and became a research priorities 
(Whipps, 200 1 ;  Donumbou et aI. , 2002; Vinale et al. , 2008). 
Soil-borne fungal plant pathogens cause some of the most widespread and serious plant 
diseases. Root diseases caused by these pathogens such as wilt, root rot, col lar rot, foot rot, 
seedling pre- and post-emergence damping-off are the foremost of problems which are gaining 
importance from day to day in the world and for which no direct control measures have been 
evolved so far (Whipps, 200 1 ;  Schumann and D'Arcy, 2007). Fusarium spp. is a widespread 
soil-borne plant pathogen and is the causal agents of wilt disease of many economically 
important crops (Jones et at. , 1 997). Fusarium spp. is a limiting factor in the plant productivity 
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in most agricul tural soils. Wilt disease of tomato is a common problem in almost all field and 
greenhouse tomatoes (Jones et ai. ,  1 997). The disease is caused by different species of 
Fusarium and in the United Arab Emirates F. oxysporum fsp. lycopersici is the common 
causal agent of the disease. The disease is an economic threats to commercial growers 
especial ly those who grow tomatoes under greenhouse hwnid conditions. At present, a 
combination of cultural practices and fungicide applications are used to control the diseases 
(Jones et al., 1 997). 
The present thesis clearly shows the potential for the application of actinomycete mixture 
made of four antagonistic Streptomyces spp. in a seaweed-extract amended soil, for the 
management of tomato wilt disease caused by F. oxysporum fsp. lycopersici in the UAE. All 
four isolates were antagonistic to F. oxysporum fsp. iycopersici when applied individually or in 
combination and significantly reduced disease incidence under controlled greenhouse 
conditions. The disease reduction was most pronounced in the presence of soil amendment with 
seaweed extract compared to non-amended soils. 
The four promising antagonistic actinomycete isolates used in this study were identified on 
the basis of morphological, cultural, physiological and biochemical characteristics. The isolates 
were tentatively identified and grouped to the genus level on the basis of their standard 
morphological criteria and according to the absence or presence of aerial mycelium, and form of 
any spores present and fragmentation of substrate mycelium (Cross, 1 989). Identification to 
species levels was based on characteristics specific for each species as presented in Bergey's 
Manual of Systematic Bacteriology (Williams et al. , 1 989). These isolates were identified as 
Streptomyces roseodiastaticus (isolate # 8), Streptomyces erumpens (isolate # 1 1 ), Streptomyces 
aurantiacus (isolate # 42), and Streptomyces rameus (isolate # 59). No attempt was made to 
characterise species based on peptidoglycan type, fatty acid pattern, major menaquinone, 
phospholipid type and molecular % of G + C of DNA (Goodfellow, 1 989) or 1 6S rRNA 
(Maidak et at, 1 999). 
The four promising antagonistic isolates selected in the present study produced large c lear 
zones on colloidal chitin agar and were effective producers of chitinase and 13- 1 ,3, glucanases 
which hydrolyzed glucans from the pathogen cell wall and lysed living hyphae of F. oxysporum 
f.sp. lycopersici. The main mechanisms involved in disease reduction by the four antagonists 
appears to be the production of chitinases, 13- 1 ,3 -glucanase and the production of volatile and 
non volatile compounds. I arrived at this conclusion after extensive screening procedures to 
determine the production of diffusible antifungal metabolites, volatile compounds, and a variety 
of enzymes for each antagonist. 
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In addition to the abilities of the four Streptomyces isolates to produce chitinase, 13- 1 ,3-
glucanase, diffusible inhibitory antifungal metabolites, and to lyse the hyphae of F. oxysporum 
f.sp. Iycopersici they varied in their abilities to produce volatile antibiotics, and siderophores. 
Of the four antagonists Streptomyces erumpens (isolate # 1 1 ) and Streptomyces rameus (isolate 
# 59) produced volatile antibiotics. The in vitro assays indicated that none of the four isolates in 
the frnal selection used siderophores as mechanisms of biocontrol. 
Two actinomycete isolates only tested in my study produced volatile-antibiotics active 
against F. oxysporum f.sp. Zycopersici. The production of volatile compounds by actinomycetes 
in vitro is l imited, and few studies have been conducted in soi l .  Hora and Baker ( 1 974) found 
that although fungistasis was restored in sterile soil after re-inoculation with actinomycetes 
bacteria, and fungi volati le compounds were present only in treatments with actinomycetes. 
Gupta and Tandon ( 1 977) found that inhibition of mycelial growth of fungi can be achieved by 
volatile antibiotics from pure cultures of Streptomyces species. 
Media rich in nutrient resources, such as glucose peptone agar and PDA, are commonly 
used for in vitro studies on the production of volatile compounds by actinomycetes (Gupta and 
Tandon, 1 977). The fai lure of the two actinomycetes tested in the present study to produce 
volatile compounds indicates that volatiles are unlikely to be a major factor in disease control in 
the soil. 
S ince the cell walls  of F. oxysporum f.sp. Zycopersici consist largely of chitin and B-glucans 
(Bartnicki-Garcia and Lippman, 1 982), it was suggested that chitinase and B- l ,3-glucanase 
produced by the antagonists could be involved in disease control. The production of chitinases 
and 13- 1 ,3 - glucanase were therefore used as the criteria for selection of potential biocontrol 
agents against F. oxysporum f.sp. lycopersici. Microbial chitinolytic enzymes have been 
considered important in the biological control of many plant pathogens because of their ability 
to degrade fungal cell walls (Nawani et al., 2002; EI-Tarabily, 2003 , Vinale et aZ., 2008). The 
exposure of phytopathogenic fungi to lytic enzymes such as chitinases, proteases, or glucanases 
can result in the degradation of the structural matrix of fungal cell walls (Whipps 200 1 ; 
Doumbou et az' , 2002). Valois et 01. ( 1 996) reported that thirteen actinomycete isolates capable 
of producing 13- 1 ,3 ,  13- 1 ,4 and 13- 1 ,6 glucanases hydrolyzed glucans from Phytophthora fragariae 
cell walls  and caused hyphal lysis. They also reported that 1 1  strains also significantly reduced 
the root-rot disease of raspberry caused by P. fragariae. 
Many bacterial genera such as Serratia (Sneh, 1 98 1 ;  El-Tarabily et al. , 2000), Aeromonas 
(Inbar and Chet, 1 99 1 ), Chromobacterium (park et af. , 1 995), Enterobacter (Chernin et al. , 
1 997), Arthrobacter (Sneh, 1 98 1 )  and Paenibacillus (Singh et af. , 1 999) have been reported to 
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be effective biological control agents of many soil-borne plant pathogens. Chitinolytic 
actinomycetes previously used for in vitro studies have included Streptomyces spp. (Gupta et af. , 
1 995 ;  awani et at. , 2002; EI-Tarabily et aZ. , 2000), and non-streptomycete actinom cetes 
(ActinopZanes sp.) (El-Tarabily, 2003) .  Singh et  aZ. ( 1 999) used a chitinolytic Streptomyces sp. 
for the suppression of cucumber wilt caused by F oxysporum. In addition, in biocontrol 
experiments carried out under greenhouse conditions, a 13- 1 ,3-glucanase-producing 
Micromonospora carbonacea decreased the incidence of Sclerotinia minor, the causal agent of 
basal drop disease of lettuce in the United Arab Emirates (EI-Tarabily et aI. , 2000). This 
antagonist produced high levels of chitinase and B- 1 ,3-glucanase, and caused extensive hyphal 
plasmolysis, cell wall lysis (EI-Tarabily et aI. , 2000). 
The dual culture technique on HFMEA used in this study gave a satisfactory result in terms 
of selecting potential inhibitory antagonists against F oxysporum f.sp. Zycopersici in vitro. This 
dual culture technique is routinely used to detect in vitro antagonism between pathogens and 
antagonists (Crawford et aI. , 1 993 ; Yuan and Crawford, 1 995). The principle of this method is 
based on the production of active metabolites by the antagonist, which diffuses into the agar 
medium and in tum inhibits the growth of the pathogen. This method allows observations to be 
made on the effects of the antagonist on the growth and survival of a pathogen in agar culture. 
Non-volatile antifungal metabolites, produced by some species of microorganisms known to 
be inhibitory to certain soil-borne pathogens, have been extensively studied by means of dialysis 
membrane overlay technique (Gibbs, 1 967; EI-Tarabily et aI. , 1 997). In the present study, all 
four antagonists completely inhibited the growth of F. oxysporum f.sp. Zycopersici after 8 days 
of growth on CCA indicating the effectiveness of chitinase and possibly other metabolites 
produced by the antagonists. The transfer of the inhibited F oxysporum f. sp. Zycopersici plugs 
from these plates to a fresh medium and their subsequent inability to grow indicated a possible 
fungicidal effect of the enzymes and possibly associated metabolites produced by the isolates on 
this medium. In addition, HFMEA medium appears to be suitable for the screening of potential 
actinomycete antagonists for the production of antifungal diffusible metabolites using the dual 
culture technique. This medium was also found to be useful in studies of actinomycetes 
producing antifungal metabolites inhibitory to Pythium coZoratum (El-Tarabily et aI. , 1 997) . 
Because the antagonistic isolates used in the current study originated from soil and because 
they need to be effective in the rhizosphere zone as antagonists, it was necessary to determine 
their ability as root colonizers. Rhizosphere-competent antagonists with an ability to breakdown 
cell walls may be most effective in controlling a virulent pathogen capable of rapidly destroying 
tomato seedlings. It is well known that a key feature of effective biocontrol agents i s  their 
98 
abil ity to persist ill soil and aggressively colonize the rhizosphere (Cook, 1 993). All the 
antagoni tic isolates selected for the biological control experiments in the present study shov,ed 
strong root colonization and rhizosphere competence. Rhizosphere competence has been used 
as a criterion for selection of effective biocontrol agents in bacteria (Benizri et al. , 200 1 ), 
streptomycete actinomycetes (Tokala et al. , 2002; EI-Tarabily 2006) and fungi (Ahmed and 
Baker 1 987) .  Rhizosphere competence appears to be a prerequisite for successful biological 
control of root diseases, and failure to adequately colonize roots may explain the lack of reliable 
biological control observed in many studies (Weller, 1 988).  
Although the four Streptomyces spp. were capable of suppressing the pathogen, they appear 
to do so employing different mechanisms. This may explain why the mixture of all isolates was 
superior in disease suppression, to treatments which received individual antagonistic isolates 
only. 
The biocontrol activity of the antagonistic actinomycetes in vivo was positively correlated 
vvith in vitro inhibition trends. All four isolates were antagonistic to F. oxysporum f.sp. 
Zycopersici when appl ied individually or in combination, and significantly reduced wilt disease 
under controlled greenhouse conditions. Better control of disease by combinations of 
antagonists in comparison to individual antagonists may suggest that this effect could be due to 
co-antagonism (papavizas, 1 985 ' EI-Tarabily, 2006). Combining biocontrol strains has been 
suggested as an approach to enhance the level and consistency of biocontrol of soil-borne 
pathogens (Fukui et at. , 1 994). For instance, Pierson and Weller ( 1 994) demonstrated that 
combinations of two to four strains of fluorescent Pseudomonas spp. provided significantly 
better control of take-all disease of wheat than the same strains used individually. Combination 
of Paenibacillus sp. and Streptomyces sp. suppressed wilt disease of cucumber caused by F. 
oxysporum f.sp.  cucumerinum better than when either was used alone (Singh et at. , 1 999). A 
combination of phloroglucinol-producing Pseudomonas jluorescens and a proteolytic 
Stenotrophomonas maltophila improved protection of sugar beet against Pythium-mediated 
damping-off in comparison with either applied individually (Dunne et al., 1 998). 
Important criteria which helped the biological activity of the four actinomycetes towards the 
biocontrol of F. oxysporum f.sp. lycopersici in the current study, appears to be the production of 
cell-wall degrading enzymes and the strong rhizosphere-competence abilities of the isolates. 
The enhancement of the biocontrol effect of the mixture of isolates with the inclusion of 
seaweed amendment (treatment 1 4) in comparison to the treatment with the mixture of isolates 
without cellulose amendment (treatment 7) clearly indicates the necessity for the application of 
food base for the antagonists. Individual isolates also performed significantly better in the 
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presence of  added seaweed (treatments 1 0- 1 3) compared to seaweed-non-amended soils 
(treatments 3 -6) .  This may show that seaweed extract could not only be a substrate for the 
antagonists tested but could also enhance the activity of indigenous microbial flora which may 
had synergistic effects on the treatments in this study. It has been reported that soil anlended 
with cellulose does suppress soi l-borne pathogenic fungi . For example, Papavizas et al. ( 1 968) 
showed reduction of Fusarium root rot of beans by amending soil with cellulose. Soil 
amendment with 0. 1 or 0 .5% (w/w) cel lulose significantly reduced the population of F 
moniliforme .  Chung et al. ( 1 988) reported that addition of low levels  of cellulose (5% w/w) to 
hardwood bark compost medium decreased damping-off caused by Rhizoctonia solani. 
In this study, the application of seaweed extract to the soil significantly increased the 
microbial acti ity as measured by fluorescein diacetate hydrolysis technique. These changes 
appear to be related to the observed reduction in the incidence of wilt disease of tomato grown in 
soil artificially infested with F oxysporum f.sp. lycopersici. Microbial activity and microbial 
populations commonly increase after the application of lime (Sorokina et aI. , 1 99 1 )  and 
cellulose (EI-Tarabily, 2006) to field soils. The application of commercial cellulose and 
cellulosic waste products (rice stubble or water hyacinth biomass) to soil increased the total 
microbial population as well as the population of antagonistic actinomycetes and bacteria which 
grew at the expense of the soil amendments, and consequently the populations of Rhizoctonia 
solani and the incidence of damping-off of cauliflower was decreased (Kundu and Nandi,  1 984). 
The results of their study support the present work where the greater increase in the microbial 
activity with seaweed extract amendment is apparently a factor in improved biological control .  
It has been demonstrated that a positive relationship exists between population size of the 
biocontrol agents on roots and disease suppression (Montesinos and Bonaterra, 1 996). 
F oxysporum f.sp. lycopersici usually attacks tomato at the seedlings stage and this implies 
that the antagonists may need to be incorporated in the soil before the pathogen addition. In the 
present study, the pre-incubation of  the antagonists in seaweed-amended soils for two weeks 
before addition of  the pathogen during greenllouse studies was effective in significantly 
reducing the disease. This incubation period may aid in the establishment of the introduced 
isolates, or enable them to multiply in the soil or to activate the mechanism(s) of antagonism 
(Rothrock and Gottlieb, 1 984). The addition of food bases or substrates either into the soil or on 
seed coats which enable the biocontrol agent to proliferate in the rhizosphere is a suitable 
approach of use for biocontrol agents (Hoitink and Boehm, 1 999). 
In the present study, in addition to the observed disease suppression, the selected 
actinomycetes also significantly stimulated plant growth compared to the untreated control.  
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This observed plant growth increase supports other observations \vhere actinomycetes have 
stimulated plant growth in the presence of plant pathogens (Turhan, 1 98 1 '  Filonow and 
Lockwood, 1 98 5 ;  Crawford et aI. , 1 99 3 ;  Yuan and Crav.-ford, 1 99 5 ;  EI-Tarabily et al. , 1 996b; 
EI-Tarabi ly, 2006). It is possible that the increased plant growth reported in this study was due 
to the production of plant growth regulators such as IAA, polyamines and to their abilities to 
solubilize insoluble rock phosphate. Tuomi et ai. ( 1 994) reported that the Streptomyces 
griseoviridis isolate which produced auxins, induced root elongation and cell division in 
meristematic tissues, when it was used as a biological control agent it  may have supplied an 
exogenous growth promoter and thereby explain the observed increases in yield. Streptomyces 
griseojlavus was reported to produce indole 3 -p}ruvic acid in culture (El-Abyad et al. , 1 994).  
Actinomycetes have been sho\\11 to produce plant growth regulators (PGRs) such as auxins, 
cytokinins, gibberell ins and polyanlines which can directly enhance various stages of plant 
growth (EI-Tarabi ly and Si asithamparam, 2006). 
The mi>..'tlire of isolates along with seaweed amendments (treatment 1 4) was superior to all 
other treatments in controll ing the disease and was even comparable to the treatment relying 
entirely on the fungicide Prochloraz (treatment 1 5) .  
The soils where vegetables are grown in the UAE are highly conducive to seedling blights, 
especial ly those caused by Fusarium species. Application of the mixture of the four 
actinomycete antagonists to field soil amended with seaweed extract may hold great potential as 
a replacement for the use of fungicides. There is a need to test these treatments, on a field scale, 
to determine the feasibility of such a recommendation. 
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CHAPTER 6 
CONCLUSIONS 
C H A PT E R  6 :  CONCLUSIONS 
1 - This study clearly showed the potential for the implementation of actinomycetes mixture with 
seaweed amendments for the management of tomato disease caused by F. oxysporum f.sp. 
lycopersici in the DAE. 
2- The application of beneficial antagonistic and plant-growth promoting rhizosphere 
actinomycetes to control wilt disease of tomato and to promote plant growth was much more 
pronounced in the presence of soil amendment (seaweed extract compared to non-amended soil). 
3 - The application of mixture of actinomycetes resulted in a significant reduction of wilt disease 
compared to the application of individual isolates. 
4- The application of mixture of actinomycetes resulted in a significant increase in roots and 
shoots weight and roots and shoots length compared to the application of individual isolates. 
5- The application of mixture of soil amendment (seaweed extract) resulted in a significant 
increase in the microbial acti ity in the soi l .  
6- The mechanisms involved in disease reduction were mainly the production of cell-wall 
degrading enzymes (chitinase and 13- 1 ,3- glucanases) and the production of diffusible antifungal 
metabolites. 
7- The mechanisms involved in growth production was related to 
the production of lAA, polyamines and phosphorus solubilization. Other possible mechanisms 
may be also involved in such effect. 
8- Rhizosphere- competence of the biocontrol and growth promoting agents IS an essential 
criterion for the selection of antagonistic and growth-promoting microorganisms. 
9- The application of the biocontrol and plant growth promoter s actinomycetes wil l  result in the 
partial substitution of the toxic agrochernicals fungicides used by the DAE farmers. This wil l  
minimize the air, soil and water pollution and wil l  result in  the production of  healthy foods free 
from any toxic contaminants. The application of the mixture of the four actinomycete antagonists 
to field soil amended with seaweed extract may hold great potential as a replacement for the use 
of fungicides in the DAE. There is a need to test these treatments, on a field scale, to determine 
the feasibility of such a recommendation. 
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APPENDIX 1 
Appendix 1 (Compo ition of media) 
1 - Potato dextrose agar (PDA) 
PD (Gibco B RL, UK) 
Chloramphenicol (Sigma Chemical Co, St. Louis, U A) 
Disti l led water 
2- Sabouraud's  agar (SA) 
(Gibco, B RL ,  UK) 
Chloramphenicol (Sigma) 
Disti l led water 
39 g 
250 j..lg mL- 1  
1 L 
40 g 
250 j.lg mL- 1  
1 L 
3- Inorganic sa lt-starch agar (starch nitrate agar) (SNA) (Kuster, 1 959) 
oluble starch 
Potassium nitrate 
Di-potassium hydrogen phosphate 
Magnesi um sulfate 
Sodium chloride 
Calcium carbonate 
Ferrous sulfate 
*Trace salt solution 
Cycloheximide (Sigma) 
ystatin (Sigma) 
Distil led water 
Agar 
1 0  g 
2 g  
1 g 
0 .5  g 
0.5 g 
3 g 
0 .0 1 g 
1 mL 
50 ,ug mL- 1  
50 ,ug mL- 1  
1 L 
20 g 
*Trace salt solution (Pridham et ar, 1 957) composed of: 0. 1 mg l iter- 1  of each of the fol lowing 
salts: ferrous sulfate, magnesium chloride, copper sulfate and zinc sulfate. 
4- Oat-meal yeast extract agar (OMYEA) (Kuster, 1959) 
Twenty grams of oat meal were steamed in 1 liter of distil led water for 20 min. The steamed 
oats were fi ltered through cheese cloth, and disti lled water was added to continue the filtrate to 
1 l i ter. Yeast extract ( 1  g) (Sigma) and agar (Sigma) (20 g) were added, and the final medium 
pH was adj usted to 7.2 . 
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5- Colloidal chitin agar (G upta et al. , 1 995) 
Preparation of colloidal chitin (H u and Locla ood, 1975) 
Crude chitin (from crab shells Sigma) was washed alternately in 1 aOH and 1 HCI 
(Sigma) for 24 h periods each, for five times. It was then washed four times with 95% (v/v) 
ethanol . Fifteen grams of the purified white chitin was tben dissolved with 1 00 mL of 
concentrated HCI and stirred in an ice bath for 20 min. The mixture was then fi ltered through 
glass wool, and th solution was poured into cold distil led water to precipitate the chitin. The 
insoluble chitin on the glass wool was treated again with HCI, and the process was repeated 
until no more precipitate was obtained when the filtrate was added to the cold water. The 
colloidal chitin was allowed to settle overnight and the supernatant was decanted. The 
remaining suspension was neutralized to pH 7 .0 with aOH. The precipitated chitin was 
centrifuged, washed with sterile distilled water, and stored as a paste at 4°C. The medium 
contained: 
Colloidal chitin (Dry weight) 
Calcium carbonate 
Ferrous sulfate 
Magnesium sulfate 
Potassium chloride 
Di-sodium hydrogen phosphate 
Distilled water 
Agar 
pH 
2 g  
0 .02 g 
0 .0 1 g 
0 .05 g 
1 .7 1  g 
1 .63 g 
1 L 
20 g 
7 .2  
6- Hussein ' s  fish-meal extract agar (HFMEA) (EI-Tarabily et al. , 1 997) 
Fish-meal extract 
Glucose (Sigma) 
Peptone (Sigma) 
Sodium chloride 
Calcium carbonate 
Distilled water 
Agar 
7- Water agar (WA) 
Distilled water 
Agar 
1 23 
20 g 
20 g 
5 g  
0 . 5  g 
3 g  
1 L 
20 g 
1 L 
20 g 
8- M inimal ynthetic d ' Il\J me IUm ,..t M) (TweddeLI  et aL,  1 994) 
Magnesium sulfate 
Ammonium nitrate 
Di-potassium hydrogen phosphate 
Potassium chloride 
Ferrous sulfate 
Manganese sulfate 
Zinc sulfate 
Distilled water 
9- Potato dextrose broth (PDB) 
PDB (Gibco, BRL, U.K.) 
Disti lled water 
1 0- Carbon-deficient salt olution (Sneh, 1 98 1 )  
Di-potassium hydrogen phosphate 
Di-hydrogen potassium phosphate 
Ammonium sulfate 
Magnesium sulfate 
Cupper sulfate 
Zinc sulfate 
Calcium chloride 
Distilled water 
0.2 g 
0 .2 g 
0.9 g 
0 .2 g 
0 .002 g 
0 .002 g 
0 .002 g 
1 L 
39 g 
1 L 
3 g  
4 g  
3 g  
0 .2 g 
0 .04 g 
0 .002 g 
0.00 1 g 
1 L 
1 1 - M odified chrome azurol agar (CSA agar) (Alexander and Zuberer, 199 1 )  
CAS agar was prepared from four solutions which were sterilized separately before mixing. 
The Fe-Chrome azurol S indicator solution (solution 1 )  was prepared by mixing 1 0  rnL of 1 
mM FeCi) (in 1 0  mM HCI) with 50 rnL of an aqueous solution of Chrome azurol S (CAS) ( 1 .2 1  
mg mL-1 ) (Sigma). The resulting dark purple mixture was added slowly, with constant stirring, 
to 40 mL of an aqueous solution of hexadecyltrimethylarnmonium bromide (HDTMA) ( 1 .82  
mg mL-1 ) (Sigma). The resulting dark blue solution was autoc1aved separately and cooled to 
50°C. The buffer solution (solution 2) was prepared by dissolving 30.24 g of PIPES buffer 
(piperazine-N,N-bis[2-ethanesulonic acid) (Sigma) in 750 mI of a slat solution containing 0 .3  g 
potassium di-hydrogen phosphate, 0 .5  g sodium chloride, and 1 g ammonium chloride. The pH 
was adj usted to 6 . 8  and water was added to bring the volume to 800 mI. The solution was 
autoc1aved after adding 1 5  g of agar, and then cooled to 50°C. Solution 3 contained the 
following (in 70 rnl water) : 2 g glucose, 2 g mannitol, 493 mg magnesium sulfate, 1 1  mg 
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calcium chloride 1 , 1 7  mg manganese sulfate. 1 .4 mg boric acid, 0 ,04 mg cupper sulfate, 1 .2 
mg zinc sulfate, and 1 mg sodium molybidate, Solution 3 was autoclaved separately and cooled 
to SO°C. Solution 3 was then added to solution 2 (Buffer solution) along with 30 ml of 
Mill ipore membrane steri l ized (pore size 0.22 flm, Millipore Corporation, MA, USA) 1 0% 
(w/v) casarruno acids (Sigma) ( olution 4). The indicator solution (Solution 1 )  was added last, 
with sufficient mixing to mix the ingredients of the four solutions without forming bubbles. 
The medium color was dark blue after mixing the fours solutions. 
12- G lucose peptone broth (GPB) (di Menna, 1 957) 
Glucose (Sigma) 
Peptone (Sigma) 
L-Tryptophan (L-TRP) (Sigma) 
Distilled water 
1 0  g 
S g  
S mL of 5% 
1 L 
1 3- M oeller's decarboxylase agar medium (MDAM) (Arena and Manca de Nadra, 200 1 )  
Peptone (Sigma) S g 
Yeast extract (Sigma) 3 g 
Glucose (Sigma) 1 g 
Pyridoxal-S-phosphate (Sigma) 0.03 g 
Manganese sulfate 
Phenol red (PH dye indicator) (Sigma) 
L-arginine-monohydrochloride (Sigma) 
Disti lled water 
Agar 
0.03 g 
0 .02 g 
2 .00 g 
1 L 
20 g 
1 4- Potato dextrose yeast-extract agar (pDYA pH 7.0) (Katznelson and Bose, 1959) 
PDA (Gibco, BRL, U.K.)  39  g 
Yeast extract (Sigma) 
Distilled water 
1 5- Louw and Webley ( 1 959) agar medium 
Di-potassium hydrogen phosphate 
Ammonium sulfate 
Magnesium sulfate 
Magnesium chloride 
Iron chloride 
Calcium chloride 
Peptone (Sigma) 
1 25 
S g  
1 L 
0.4 g 
O .S  g 
0.05 g 
0. 1 g 
0.0 1 g 
0.0 1 g 
1 g 
Yeast extract ( igma) 
Glucose ( igma) 
Bromothymol blue (Sigma) 
Disti l led water 
Agar 
1 6- Glucose nitrate (KU ter, 1 959) 
Glucose ( igma) 
Potassium nitrate 
Di-potassium hydrogen phosphate 
Magnesium sulfate 
Sodium chloride 
Calcium carbonate 
Ferrous sulfate 
Distilled water 
Agar 
1 7- Basal medium (KUster, 1 959) 
Potassium nitrate 
Di-potassium hydrogen phosphate 
Magnesium sulfate 
Sodium chloride 
Calcium carbonate 
Ferrous sulfate 
Distilled water 
Agar 
1 8- Glycerol asparagine agar (pridham and Lyons, 1961 )  
Glycerol 
L-asparagine (Sigma) 
Di-potassium hydrogen phosphate 
Magnesium sulfate 
Sodium chloride 
Calcium carbonate 
Ferrous sulfate 
Distilled water 
Agar 
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1 g 
5 g  
(0.5%) 5 .0  mL 
l L  
20 g 
1 0  g 
2 g  
1 g 
0 .5  g 
0 .5 g 
3 .0  g 
0.0 1 g 
1 L 
20 g 
2 g  
1 g 
O g  
O g  
3 g 
0 .0 1 g 
1 L  
20 g 
1 0  mL 
1 g 
1 g 
0 .5  g 
0 .5  g 
3 g  
0 .0 1 g 
1 L  
20 g 
1 9- Tyro ine agar ( h irl ing and Gottlieb, 1966) 
Glycerol 
L-Tyrosine 
L-Asparagine 
Di-potassium hydrogen phosphate 
Magnesium sulfate 
Sodium chloride 
Ferrous sulfate 
Distilled \ ater 
Agar 
20- Peptone-yeast extract iron agar (Tresner and Danga, 1 958) 
1 5 mL 
0 .5  g 
1 g 
0 .5  g 
0.5 g 
0 .5 g 
0.0 1 g 
l L  
20 g 
Peptone ( igma) 1 5  g 
Protease peptone (S igma) 5 g 
Ferric ammonium citrate 
Di-potassium hydrogen phosphate 
Sodium thio-sulfate 
Yeast extract (Sigma) 
Disti lled water 
Agar 
2 1 - Nutrient agar 
Beef extract (Sigma) 
Peptone (Sigma) 
Yeast extract (Sigma) 
Sodium chloride 
Distil led water 
Agar 
0 .5 g 
1 g 
0.08 g 
1 g 
1 L 
20 g 
1 g 
5 g  
2 g  
5 g  
I L  
20 g 
22- Yeast extract malt-extract agar (YEMEA). (pridham et al. ,  1957) 
Glucose (Sigma) 4 g 
Yeast extract (Sigma) 
Malt extract (Sigma) 
Distil led water 
Agar 
23- Gelatin l iquefaction medium (Non omura, 1 989) 
Gelatin powder (Sigma) 
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4 g  
1 0  g 
l L  
20 g 
200 g 
Peptone ( igma) 
Yeast extract ( igma) 
Glucose ( igma) 
Disti lled water 
24- Hutchin on medium (Hutchinson and Clayton, 1 9 1 9) 
Calcium nitrate 
Di-pota sium hydrogen phosphate 
Calcium chloride 
Magnesium sulfate 
odium chloride 
Ferrous sulfate 
Disti lled water 
Fi lter paper strips 
25- H2S production medium (KUster and Will iams, 1964) 
Beef extract (Sigma) 
Peptone (Sigma) 
Yeast extract (Sigma) 
Sodium chloride 
Potassium nitrate 
Distilled water 
26- Pectic enzymes medium (Hankin et al., 1971 )  
Potassium di-hydrogen phosphate 
Di-sodlum hydrogen phosphate 
Pectin from citrus rind 
Yeast extract (Sigma) 
Magnesium sulfate 
Ferrous sulfate 
Calcium chloride 
Di-sodium phosphate 
Distilled water 
Agar 
5 g  
2 g  
2 g  
1 L 
2 . S  g 
1 g 
0 . 1 g 
0 .3  g 
0 . 1 g 
0 . 1 g 
1 L 
2 x 1 0  cm 
1 g 
S g 
2 g  
S g  
2 g  
1 L 
4 g  
6 g  
S g  
1 g 
0 .2 g 
0 .00 1 g 
0.00 1 g 
2 g  
l L  
1 5  g 
27- Nitrate reduction medium (Bacto-nitrate broth) (Gordon and Mihm, 1 957) 
Beef extract (Sigma) 3 .0 g 
Peptone (Sigma) 5 g 
1 28 
Potassium nitrate 
Disti l led water 
Reagent with bacto-nitrate broth 
i- Sulfanilic acid-acetic acid 
1 g 
1 L 
Eight grams of sulfanilic acid were dissolved in 1 L of 5 acetic acid ( 1  part chemically pure 
glacial acid to 2 . 5  parts water) and stored in brown glass bottle. 
ii- Dimethyl-alpha-naphthylamine 
ix mL of dimethyl-a-naphthylamine were dissolved in 1 liter of 5 acetic acid ( 1  part 
chemical ly pure glacial acid to 2 .5  parts distilled water) and stored in bro\\u glass bottle. 
iii- Zinc dust (powdered zinc) 
28- Nutrient broth 
Beef extract (Sigma) 1 g 
Peptone ( igma) 
Yeast extract (Sigma) 
Sodium chloride 
Distilled water 
29- Tryptone agar (Goodfellow et al. ,  1 979) 
Tryptone (Sigma) 
Sodium chloride 
Disti l led water 
Agar 
30- Urease broth (Rustigan and Stuart, 1 94 1 )  
Potassium di-hydrogen phosphate 
Di-sodium hydrogen phosphate 
Yeast extract (Sigma) 
Phenol red (Sigma) 
Distil led water 
5 g  
2 g  
5 g  
1 L 
20 g 
5 g  
1 L 
20 g 
9. 1 g 
9 .5  g 
0 . 1  g 
0 .0 1  g 
1 L 
3 1 - Carbon utilization agar basal medium (Shirting and Gottlieb, 1966) 
Di-potassium hydrogen phosphate 
Magnesium sulfate 
Potassium di-hydrogen phosphate 
Di-sodium sulfate 
Ferrous sulfate 
Cupper sulfate 
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5.56 g 
1 g 
2 .38 g 
2 .64 g 
1 . 1  mg 
6.4 mg 
\1anganese chloride 
Zinc sulfate 
Di til led water 
Agar 
7.9 mg 
1 .5 mg 
1 L 
20 g 
32- Nitrogen uti l ization agar basal medium (Wi lliam et af. , 1 983) 
D-glucose ( igma) 1 0 9 
Magnesium sulfate 0 .5  g 
odium chloride 0.5g 
Ferrous sulfate 
Di-potassium hydrogen phosphate 
Disti l led water 
Agar 
33- Yea t extract-dextrose broth (Waksman, 1 950) 
Y ast extract (Sigma) 
Dextrose (Glucose) (Sigma) 
Distil led water 
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0 .0 1  g 
1 g 
l L  
20 g 
1 0  g 
1 0  g 
l L  
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e p
lant p
athog
enic fung
i. 
A
nta�
onist 
P
atho�
en 
P
la
nt 
D
isease 
R
eference 
S. longisp
ororuber 
R
hizoctonia bataticola 
G
ram
 
W
ilt 
Singh and M
ehrotra (1980) 
S. longisp
orus 
A
ltern
aria solalli 
Potato 
E
arly blight 
C
hattopadhyay and N
andi (1982) 
S. longisp
orus 
H
elm
inlhosp
orium
 oryzae 
R
ice 
B
row
n spot 
C
hattopadhyay and N
andi (1982) 
S. lydicus 
Pylhium
 ultilllUfn 
Pea 
R
oot rot 
Y
uan and C
raw
ford (1995) 
S. ochraceiscleroticus 
Verticilliw
n dahliae 
C
otton, peppcr, eggplant 
W
ilt 
T
urhan (198
1) 
S. ochraceisclerolicus 
F
usarium
 oxysp
orum
 L
sp. lycop
ersici 
T
om
ato 
W
ilt 
T
urhan (198
1) 
S. ochraceiscleroticus 
F
usarium
 oxysp
orw
n L
sp.niveum
 
W
aterm
elon 
W
ilt 
T
urhan (198
1) 
S. ochraceiscleroticus 
F
usarium
 oxysp
orw
n L
sp. m
elonis 
M
uskm
elon 
W
ilt 
T
urhan (198
1) 
S. ochraceiscleroticus 
F
usarium
 oxysp
orul11 L
sp. cucum
erinum
 
cucum
ber 
W
ilt 
T
urhan (198
]) 
S. ochraceiscleroticus 
P
hylop
hthora capsici 
Pepper and tom
ato 
B
light 
T
urhan (198
1) 
S. ochraceiscleroticus 
C
olletotrichul1l coccods 
eggplant 
W
ilt 
T
urhan (198
J) 
S. nigrifaciens 
SclerotiulII rolfs
ii 
G
uar 
R
oot rot 
B
asu C
haudhary and G
upta (1970) 
S. violascens 
P
hytop
hthora cinnam
om
i 
B
anks
ia grandis 
R
oot rot 
E
l-T
arabily et al. (1996b) 
S. cyanoviridis 
P
lectosp
orium
 tabacinum
 
L
upin 
R
oot rot 
Y
oussef et al. (200
1) 
S. m
urinus 
P
lectosp
orium
 tabacinum
 
L
upin 
R
oot rot 
Y
oussef et al. (200 I) 
S. griseop
lanus
 
P
lectosp
orium
 labacinum
 
L
upin 
R
oot rot 
Y
oussef el al. (200
1) 
S. griseoloalbus 
Pythiul1l ap
haniderm
atw
n 
C
ucum
ber 
D
am
ping-off 
E
I-T
arabily (2006) 
S. 
viridodiasticus 
Sclerotinia m
inor 
Lettuce 
B
asal drop 
EI-T
arabily et a/. (2000) 
Strep
tom
yces spp. 
Pyhtium
 arrhenom
anes 
Sugar cane 
R
oot rot 
C
oopcr and C
hilton (1950) 
Strep
tom
yces spp. 
M
acrop
hom
ina p
haseolina 
T
om
ato 
C
harcoal rot 
lsarlishvili and Labakhua (1962) 
Streptom
yces spp. 
A
ltern
aria brassicicola 
C
auliflow
er 
D
am
ping-off 
T
ahvonen (1982) 
Streptom
yces spp. 
R
hizoctonia solani 
C
auliflow
er 
D
am
ping-off 
T
ahvollen (1982) 
Strep
tom
yces spp. 
F
usarium
 culm
orum
 
B
arley 
Foot rot 
T
ahvonen (J 982) 
Streptom
yces spp. 
P
hom
op
sis sclerotioides and Pythium
 spp. 
C
ucum
ber 
R
oot rot 
T
ahvonen (J 988) 
Streptom
yces spp. 
Pythium
 ap
haniderm
afw
17 
Poinsettia 
Sudden w
ilt 
B
olton (J 980) 
Streptom
yces spp. 
F
usarium
 oxysp
orw
n f..sp.asparagi 
A
sparagus 
D
ecline syndrom
e 
E
lson et al. (1994) 
Strep
tom
yces spp. 
F
usarium
 oxysp
orum
 L
sp. Ilarcissi 
N
arcissus spp. 
B
asal rot 
Ililtunen et al. (1995) 
Strep
tom
yces spp. 
Pyhtium
 ultim
um
 
B
eet root 
D
am
ping-off 
D
odd and Stw
art (1992) 
Strep
tom
yces spp. 
F
usarium
 oxysp
orum
 L
sp.adzukicoli 
A
dzukibean 
W
ilt 
H
asegaw
a e/ al. (1990) 
132 
T
able 1.1 continued. E
xam
ples of streptom
ycete actinom
ycetes antagonistic to soil-born
e plant pathogenic fungi. 
A
ntag
o
nist 
P
athog
en 
P
lant 
D
isease 
Strep
tom
yces spp. 
R
hizoctonia bataticola 
G
ram
 
W
ilt 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tomyces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tomyces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Streptom
yces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tomyces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tomyces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp. 
Strep
tom
yces spp
. 
A
ltern
aria brassicicola 
Pyhtium
 sp. 
F
usarium
 sp. 
P
hytoplztlzora lIIedicaginis 
P
hytop
hthora sojae 
Pyhtiul7I debary
anull1 
Pyhtiull1 ultim
um
 
A
ltern
aria brassicicola 
R
hizoctonia solani 
F
usarium
 culm
orul11 
Pyhtium
 debaryanul11 
Pyhtium
 ultim
um
 
Pyhtium
 arrhenom
anes 
M
acrop
hom
ina p
haseolina 
A
lter
naria brassicicola 
Pyhtium
 sp. 
F
usarium
 sp. 
P
hom
op
sis sclerotioides and Pythium
 spp. 
Pythium
 ap
haniderm
atum
 
F
usarium
 oxysp
orw
n f.
.sp.asparagi 
F
usarium
 oxysp
orum
 f..sp. narcissi 
Pyhtium
 ultim
um
 
F
usarium
 oxysp
orum
 f .. sp.adzukicoli 
F
usariulII oxysp
orum
 f. .sp. cubense 
P
hy
top
hthorafr
ag
ariae var. rubi 133 
C
rucifers 
C
ucum
ber 
C
arn
ation 
Soybean, alfalfa 
Soybean, alfalfa 
Sugar beet 
Lettuce 
C
auliflow
er 
C
auliflow
er 
B
arley 
Sugar beet 
Lettuce 
Sugar cane 
T
om
ato 
C
rucifers 
C
ucum
ber 
C
arn
ation 
C
ucum
ber 
Poinsettia 
A
sparagus 
N
arcissus spp. 
B
eet root 
A
dzukibean 
B
anana 
R
asp berry
 
D
am
ping-off 
R
oot rot 
W
ilt 
R
oot rot 
R
oot rot 
D
am
ping-off 
D
am
ping-off 
D
am
ping-off 
D
am
ping-off 
Foot rot 
D
am
ping-off 
D
am
ping-off 
R
oot rot 
C
harcoal rot 
D
am
ping-off 
R
oot rot 
W
ilt 
R
oot rot 
Sudden w
ilt 
D
ecline syndrom
c 
B
asal rot 
D
am
ping-off 
W
ilt 
W
ilt 
R
oot rot 
R
eference 
Singh and M
ehrotra (1980) 
T
ahvonen (1988) 
T
ahvonen (1988) 
T
ahvonen (1988) 
X
iao et al. (2002) 
X
iao et al. (2002) 
T
ahvonen (1982) 
C
raw
ford et al. (1993) 
T
ahvoncn (1982) 
T
ahvonen (1982) 
T
ahvonen (1982) 
T
ahvonen (1982) 
C
raw
ford et al. (1993) 
C
ooper and C
hilton (1950) 
lsarlishvili and Labakhua (1962) 
T
ahvonen (1988) 
T
ahvonen (1988) 
T
ahvonen (1988) 
T
ahvonen (1988) 
B
olton (1980) 
E
lson et al. (1994) 
IIiltunen et al. (1995) 
D
odd and Stw
a11 (1992) 
Ilasegaw
a el al. (1990) 
G
ctha et aI. (2005) 
V
alois et a1. (1996) 
T
able 1.2. E
xam
p les of Ilon-strep tom
ycete actinom
ycetes antagonistic to soil-born
e p lant p athogenic fungi. 
A
ntala
°nist 
P
ath°la
en 
P
lant 
D
isease 
R
eference 
A
c/il1oplanes spp. 
Pythium
 ultim
um
 
T
able beet 
D
am
ping-off 
K
han e/ al .
.
 (I 997) 
A
. m
issouriensis 
Phytop
hthora m
egasp
erm
a f. sp. glycinea 
Soybean 
R
oot rot 
Sutherland and Lockw
ood (I 984) 
A
. m
issouriensis 
P. m
egasp
erm
a f. sp. glycinea 
Soybean 
R
oot rot 
FiloJ1oW
 and Lockw
ood (J985) 
A
. m
issouriensis 
P
lectosp
orium
 tabacinum
 
L
upin 
R
oot rot 
E
l-T
arabily (2003) 
A
. p
hilipp
inensis 
Pythium
 coloralum
 
C
arrots 
C
avity spot 
E
I-T
arabily et af. (J 997) 
A
. philippinensis 
Pythium
 aphaniderm
atum
 
C
ucum
ber 
D
am
ping-off 
E
l-T
arabily (2006) 
A
. ulahensis 
P
. m
egasp
erm
a f. sp. glycinea 
Soybean 
R
oot rot 
Filonow
 and Lockw
ood (1985) 
A
ctinom
adura sp. 
Phytophthora
 cinnam
om
i 
Snapdragon 
R
oot rot 
Y
ou e/ al (1996) 
A
. rubra 
P
. coloratum
 
C
arrots 
C
avity spot 
E
l-T
arabily el al 
(1997) 
A
m
orphosporangium
 auranticolor 
P
. m
egasp
erm
a f. sp. glycinea 
Soybean 
R
oot rot 
Filonow
 and Lockw
ood (1985) 
M
icrobispora sp. 
G
aeum
annom
yces gram
 in is var. trifici 
W
heat 
T
ake all 
C
oom
bs et af. (2004) 
M
icrobisp
ora rosea 
P. aphaniderm
atum
 
C
ucum
ber 
D
am
ping-off 
E
l-T
arabily (2006) 
M
icrom
onosp
ora sp. 
F
usarium
 oxy
sp
orum
 f. sp. lycopersici 
T
om
ato 
W
ilt 
Sm
ith (1957) 
lvf
icrom
onospora sp. 
P
. m
egasp
erm
a f. sp. glycinea 
Soybean 
R
oot rot 
Filonow
 and Lockw
ood (1985) 
M
icrom
onospora sp. 
G
. gram
inis var. tritici 
W
heat 
T
ake all 
C
oom
bs e/ al. (2004) 
M
 carbonacea 
P. cinnam
om
i 
Banksia sp. 
R
oot rot 
E
l-T
arabiJy et af. (I 996b) 
M
. carbon ace a 
P
. coloralum
 
C
arrots 
C
avity spot 
E
l-T
arabily et af (1997) 
lvf carbonacea 
Sclera/inia m
inor 
Lettuce 
B
asal drop 
E
I-T
arabily ct al (2000) 
M
icrom
onospora chalcea 
P
. aphaniderm
atw
n 
C
ucum
ber 
D
am
ping-off 
E
I-T
arabily (2006) 
M
 globosa 
F
usarium
 udum
 
Pigeon-peas 
W
ilt 
U
padhyay and Rai 1987 
N
ocardia globerula 
H
elm
inthosporium
 solani 
Potato 
Silver scurf 
E
lson c{ al. (1997) 
N
ocardioides sp. 
Phytop
hthorafragariae var. rubi 
R
aspberry 
Root rot 
V
alois
etal. 
(1996) 
N
ocardioides sp. 
G
. gram
inis var. tritici 
W
heal 
T
ake all 
C
oom
bs el af. (2004) 
Streptosporangium
 albidum
 
P
. coloralum
 
C
arrots 
C
avity spot 
E
l-T
arabily et al. (1997) 
Strep
toverlicillium
 nelrop
sis 
P. coloralum
 
C
arrots 
C
avitL
sp
ot 
E
I-T
arabiJy et al. ( 1997) 
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